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The role of TEK and TIE receptor tyrosine kinases in murine cardiovascular 

development 

B y Mira Corinna Puri 

A thesis submitted in conformity with the requirements for the degree of Doctor of 

Philosophy in the Graduate Department of Medical Genetics and Microbiology at the 

University of Toronto, 1999 

ABSTRACT 

TEK and TIE are related receptor tyrosine kinases (RTKs) expressed in endothelid 

cells (ECs) and their precursors, the angioblasts, during embryogenesis. The focus of this 

thesis is an analysis of the function of TEK and T E  in the murine vascular sytem. The 

studies presented strongly suggest a primary requirement for both receptors in the 

expansion and maintenance of the vasculature, but not for vasculogenesis, the initial 

differentiation of ECs. 

The function of Tie was investigated using a gene targeting strategy. The 

development of ernbryos lacking functional T E  arrested in midgestation as a result of 

widespread hemorrhage and edema, a phenotype attributed to Ioss of inter-endothelid ce11 

integrity in the microvasculature. Furthermore, mosaic analysis confirmed a cell- 

autonornous requirement for T E  at midgestation in the capillaries of organs that are 

vascularized by sprouting of pre-existing ECs (angiogenesis) but that T E  is dispensable 

for in situ differentiation of ECs (vasculogenesis). 

Possible redundancy in the TEK and T E  signalling pathways was investigated in 

embryos homozygous mutant for both Tek and Tie. Vasculogenesis proceeds normally in 

embryos lacking both receptors, but such embryos die early in gestation of multiple 

cardiovascular defects. Chimeric analysis of Tek and Tie deficient embryos revealed an 



absolute requirement for TEK in early heart development whereas the receptors are 

dispensable for the initial assembly of the rest of the vasculature. In contrast, both receptors 

are required in the microvasculature of most organs during late organogenesis and in most 

blood vessels of the adult. This andysis identified essentid functions for TEK m d  TIE in 

quiescent endothelium and indicates that they play ongoing roles in maintaining the integrity 

of the vasculaturc in the adult. 

Finally, the molecular basis for EC specific expression of Tek was addressed by 

deletion analysis of the Tek promoter in transgenic mice. This investigation identified a 

short genomic region that directed reporter gene expression in a manner that accurately 

reflected the expression of the endogenous Tek gene in early embryogenesis. 
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CHAPTER 1 

General Introduction 



OVERVTEW 

The development of a multiceiiular organism from a single fertilized egg is a complex 

process which involves the products of numerous genes as weil as multiple cellular interactions. A 

variety of rnechanisrns must be empioyed during embryonic development to speciw developmental 

fates. A large body of evidence suggests that signal transduction pathways activated by ligand 

binding to transmembrane receptor tyrosine kinases (RTKs) are an important means by 

which developmental fate decisions are mediated. Well characterized examples include the RTK 

sevenless and its ligand bride of sevenless (boss) in R7 photoreceptor determination in Drosophila, 

and the rnouse RTK c-kit and its ligand steel factor in hematopoiesis, melanogenesis, and 

gametogenesis (Pawson and Bernstein, 1990; Raabe, 1998). 

Formation of the cardiovascular system in vertebrates is an example of a complex 

developmental process involving the preciseiy coordinated differentiation and assembly of several 

cell lineages to form the heart and blood vessels. Elucidation of this process has been the subject of 

morphological studies of the endothelial ceIl (EC) lineage in several experimental systems. 

Despite the extensive descriptive literature on the formation of blood vessels by ECs, the 

characterization of the molecular rnechanisms that control their differentiation and migration is at its 

early stages. Frorn embryological studies in avians, it is well documented that the ability of ECs to 

form blood vessels is not solely due to an intrinsic genetic program but aiso requires extraceIlular 

cues, such as growth factors, from the tissue to be vascularized. Moreover, the identification and 

characterization of two subfarnilies of RTKs whose expression is specific to ECs and their 

precursors in mouse and human suggested that RTKs and their corresponding signal transduction 

pathways play a role in the development andlor maintenance of the EC lineage, a notion that is now 

strongly supported by a variety of hinctional studies. The focus of this thesis is an investigation of 

the biological properties of two murine RTKs, TEK and T E  (also known as T E 2  and TIEL, 

respectively) that are expressed specificaily in ernbryonic and adult ECs. Before surnmarizing the 

experirnental strategies and results of this research, 1 wiil introduce the developmental biology of 

blood vesse1 formation, signalling by RTKs and specific RTKs and ligands known to play a role in 

the vasculature. 



ENDOTHELIAL CELL BIQLOGY 

Function of the endothelium 

The basic cell of the vascular systern is the EC which differentiates early in embryogenesis. 

The endothehm eventudly forrns the lining of the entire circulatory system which includes the 

blood vascular and lymphatic systems and the heart. The study of pathologicai conditions in the 

adult vascutature has contributed to our understanding of the endothelium as a heterogeneous 

system with multiple physiological functions. Some of these diverse roles include regulation of 

blood fluidity by maintenance of a non-thrombogenic surface, immune regulation by mediating the 

attachrnent of cells of the inffammatory response, as weil as the regulation of vascular permeability 

and tone (Gerritson, 1996), (for recent review see Cines et al., 1998). 

Endothelial ce11 embryoiogy 

Key to understanding the dynamic functions of ECs and their role in cardiovascular 

diseases is insight into the embryological origin of these cells and their formation into blood 

vessels during development. Major challenges in the study of vascular development are the 

elucidation of the orïgin and mode of determination of the EC lineage and the mechanisms of 

patterning and rnorphogenesis that lead to the formation of blood vessels in appropriate anatomical 

locations. Of additional importance is an understanding of the relaîionship between EC 

differentiation and the differentiation of other ce11 types in the cardiovascular system such as 

hematopoietic cells, the heart myocardium, and endothelial support cells including smooth muscle 

cells and pericytes. Finally, Iittle is known about how and when the specialized characteristics of 

ECs in different anatornicaI locations are acquired during development. 

Origin of endothelial cells and early blood vessel formation 

Based on early morphological studies in the avian system, the process of embryonic 

vascularization has been divided into two discrete cellular phenornena (reviewed in Risau and 

Flamme, 1995; Risau, 1997). Blood vessel formation by in situ prirnary differentiation of ECs 

from an undifferentiated mesodemal cell known as the angioblast is called vascuiogenesis. 

As described below, vasculogenesis occurs within both the extraembryonic and embryonic 
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rnesoderm and is characterized by either the irnmediate aggregation of angioblasts to give rise to 

endothelium, or their directed migration through the embryo and their eventual organization into 

vascular channels. In contrast, the sprouting and organization of ECs frorn existing blood vessels 

is referred to as angiogenesis. 

The descriptive accounts of early vascular development in birds were based on macro- and 

rnicroscopic observation as weiI as imrnunohistochemical staining of gastrulation stage avian 

embryos using quail angioblast and the EC specific monoclonal antibodies QH1 and MB- 1 (Sabin, 

1920; Gonzalez-Crussi, 197 1 ; Pardanaud et al., 1987; Peault et al., 1988; Peault et al., 1983). 

More recently, molecular probes such as Quekl and SCL-1, both expressed earlier than QH- 1, 

have also been employed as markers for early avian vascular ontogeny (Eichmann et al., 1993; 

Flamme et al., 1995a; Drake et al., 1997). Sirnilarly, severai murine genes expressed in ECs and 

their progenitors including the RTKs Fit-1, Fik-1, Tek and Tie (Breier et al., 1995; Fong et al., 

1996; Millauer et al., 1993; Yamaguchi et al., 1993; Dumont et al., 1992; Schnürch and Risau, 

1993; Dumont et al., 1995; Korhonen et al., 1994) as well as the genes for PECAM-l/CD3I, 

CD34, thrombomoduIin (TM), and VE-cadherin (Baldwin et al., 1994; Wood et al., 1997; Weiler- 

Guettler et al., 1996; Breier et al., 1996) have been used as lineage markers for marnmdian 

vascular formation. Our view of bIood vesse1 development in mammals provided by these studies 

is in principle similar to that observed in avians. Analogous marker studies in Zebrafish and 

Xenopus embryos have further highlighted the comrnonalities in morphogenesis of the vascular 

system in vertebrates (Fouquet et al., 1997; Thompson et al., 1998; Cleaver et al., 1997). 

Extraembryonic vasculogenesis 

Descriptive studies in avians and marnrnals have established that vasculogenesis is first 

evident outside the embryo proper with the formation of blood islands or mesenchymal ce11 

aggregates in the extraernbryonic mesodemal component of the yoik sac during the mid to Iate 

primitive streak stage (Sabin, 1920; Wagner, 1980; Kessel and Fabian, 1985; Noden, 199 lc). 

Within each blood island, the centrai cells separate from those at the periphery giving rise to two 

distinct populations: endothelid and hematopoietic cells, the latter forming the primitive 

hematopoietic system. D u h g  early sornitogenesis, the number of blood islands increases rapidly, 
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and a plexus of vascular channels is estabLished as a result of the fusion of adjacent blood islands. 

Subsequent branching and elongation of these early channels create the extraembryonic 

vasculature. Although the earliest extraembryonic endothelial and blood cells are detected oniy after 

the onset of gastrulation, several studies have demonstrated that both lineages can arise 

independently of normal gastrulation (Yablonka-Reuveni, 1989; Mitrani and Shirnoni, 1990; Christ 

et al., 1991; von Kirschhoffer et al., 1994). This observation suggests that at least a subset of 

angioblasts and hematopoietic precursors are cornmitted in the epiblast pnor to the onset of the 

morphogenetic movements of gastnilation. 

The close proximity of endothelial and hematopoietic cell differentiation in the yolk sac led 

to the early hypothesis that these two ce11 types are derived from a comrnon precursor known as the 

hemangioblast (Sabin, 1920; Wagner, 1980; Risau and Flamme, 1995). Support for the 

existence of this cet1 has corne from the observation that a number of avian and murine antigenic 

deterrninants such as CD34, SCL/TAL-1, CD31/PECAM, and Flk-1 are expressed by both 

lineages in vivo (Fina et al., 1990; Krause et al., 1996; Wood et al., 1997; Kallianpur et ai., 1994; 

Newman et al., 1990; Matthews et al., 1991; Yamaguchi et al., 1993). Moreover, abrogation of 

Flk-1 results in embryos lacking both ce11 types (Shalaby et al., 1995; Shalaby et al., 1997), 

signiQing a block in differentiation in a comrnon precursor. Finally, isolation and charactenzation 

of individual cells with the capacity to develop into both hematopoietic and endothelial cells in vitro 

frorn differentiating mouse embryonic stem (ES) cells provides further evidence for a comrnon 

origin (Choi et al., 1998; Nishikawa et al., 1998), although the isolation of such celis from an in 

vivo source has not been reported. 

Intraembrvonic vasculogenesis 

Intraembryonic ECs arise independently of angioblasts present in the extraembryonic 

membranes (Noden, 1989; Noden, 199 1b and references therein) shortly after gastrulation and 

initial blood island formation, at about the head fold stage when the in situ differentiation of 

angioblasts forms a primary capillary plexus in the laterai plate splanchnic mesoderm (Pardanaud et 

al., 1987; Coffin and Poole, 1988; Eichmann et al., 1993). The ECs of this plexus rapidly 

reorganize to give rise to larger vessels such as the dorsal aortae and aortic arches (Hirakow and 
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Hiruma, 198 1; Hirakow and Hiruma, 1983). Subsequent coalescence of paired dorsal aortae 

caudal to the heart forms the descending aorta. Intersornitic vessels and internal carorid arteries 

arïse partiy by branching and budding from the dorsal aorta and aortic arches respectively. Marker 

studies in the mouse confirmed that murine embryonic vasculogenesis commences in the laterai 

plate mesoderm with the formation of precursors to the dorsal aorta, endocardium and allantois and 

that the early vascular network develops in a rnanner analagous to that observed in birds (Coffin et 

al., 199 1; Dumont et al., 1992; Yamaguchi et al., 1993; Baldwin et al., 1994; Dumont et al., 1995; 

Wood et al., 1997; ). Finally, avian vasculogenesis proceeds in a cranial to caudal direction at the 

same rate and just ahead of sornite formation, (Pardanaud et al., 1987) as weil as in a dorsal to 

ventral orientation (Drake et al., 1997). The Pace of vascular development is extremely rapid. The 

morphological events described above occur within HH stages 4 to 9 (a time frame of 10-12 hours) 

in the chick and between embryonic day (E)7.5 and E8.5 in the mouse embryo. 

The primitive hematopoietic system is established with the formation of the first 

extraembryonic blood vessels in both birds and marnrnals. Hematopoietic ce11 differentiation also 

occurs intraembryonically and is responsible for seeding the definitive hematopoietic system. In 

birds, intraembryonic hematopoiesis is initiated by aggregation of hematopoietic stem cells to the 

ventral endothelium of the truncal dorsal aorta. These stem cells then move on to the mesentery as a 

diffuse group of cells known as paraaortic foci (Dieterlen-Lièvre and Martin, 198 1). Fate mapping 

studies have demonstrated that intra-aortic stem cells are derived from the sptanchnopleural 

mesoderrn (Pardanaud et al., 1996). 

Similady, in the mouse embryo proper, lyrnphoid and myeloid precursors arise in the 

posterior splanchnopleural mesoderrn as early as E7.5 (Godin et al., 1993; Godin et al., 1995; 

Cumano et al., 1996) and long terrn repopulating hematopoietic stem cells are present in the aorta- 

gonad-mesonephros (AGM) region by E10.5 (Muller et al., 1994; Medvinsky and Dzierzak, 

1996). The source of these stem cells is not fuily resolved in the mouse. Thus, embryonic 

hernatopoiesis is initiated at independent sites: an extra-embryonic site for the early wave of 

primitive hematopoiesis and an intraembryonic site for later developing rnultipotential stem cells 

and definitive hematopoiesis, both of which show close physical association to vasculogenesis. 

Several recent studies suggest that ECs provide an appropnate microenvironment for proliferation, 
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differentiation and migration of early hematopoieitic celis (Fennie et al., 1995; Ohneda and Bautch, 

1997; Mukouyama et al., 1998; Ohneda et al., 1998). 

Deveio~mentai ~ ro~er t i e s  of the angioblast 

The quaii endotheid ceil heage specifk markers QH1 and MB- 1 have facilitated a detailed 

description of the observable processes involved in endotheliai celi differentiation and early vesse1 

assembly. These markers have aiso been useful in quail to chick transplantation assays where the 

movements and fates of quai1 EC precursors can be followed in the chick host 

irnmunocytochemic~y. This technique has been used to assay for the presence of angioblasts in a 

particular anatornical location and their potentiai to produce EC channels in the andogous chick 

tissue (orthotopic graft) or in a new location (heterotopic graft) ((Noden, 1989) and examples 

below). 

Using this strategy, it has been found that the primitive streak (Wilms et al., 199 1 ; Garcia- 

Martinez and Schoenwolf, 1993; Inagaki et al., 1993) and almost ail parts of the intraembryonic 

somatic and spianchnic Iateral mesoderm and paraxial mesoderm contain angioblasts (Noden, 

1988; Noden, 1989; Noden, 1991a; Noden, 1991b; Wilrns et al., 1991; Pardanaud et al, 1993; 

Pardanaud et al, 1996). In contrast, the notochord does not exhibit vasculogenic potentid. The 

allantoic bud, an early derivative of the splanchnic mesoderm, has also recently been shown to be a 

source of angioblasts in the mouse (Downs and Harmann, 1997) and chick (Caprioli et ai., 1998). 

More detailed transplantation experiments demonstrated that two populations of 

angioblasts, with distinct vascularization potentials arise in the Iateral and paraxial mesoderm 

(Pardanaud and Dieterlen-Lièvre, 1993; Pardanaud et al., 1996). Mesoderm associated with 

endoderm (the splanchnopleure) is the source of angioblasts that differentiate in situ in endodermai 

derivatives such as the lung, gut and pancreas, (Pardanaud et ai., 1989) as well as in 

splanchnopleural denvatives such as the body wall, and the ventral portion of the dorsal aorta 

(Pardanaud et al., 1996). Splanchnopleural mesoderm has the additional capacity to give rise to 

hematopoietic precursors (Pardanaud and Dieterlen-Lièvre, 1993; Pardanaud et al., 1996). A 

second angioblast population from paraxial mesoderm (somites) provides ECs to the neural tube, 

rnesonephros, the intersornitic vessels, carciinai veins and the roof and sides of the dorsal aorta, but 
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do not invade visceral organs or give rise to hematopoietic cells (Pardanaud and Dieterlen-Lièvre, 

1993; Pardanaud and Dieterlen-Lièvre, 1995; Wilting et al., 1995a; Pardanaud et al., 1996). 

Cephaiic paraxial mesoderm is the source of angioblasts that contribute to the EC network of the 

face and brain (Couly et ai., 1995). Lateral rnesoderm associated with ectodem (the somatopleure) 

has a restricted endogenous angiogenic potential early in ontogeny and is invaded by angioblasts 

originating in the paraxial mesoderm (Pardanaud et al., 1996). Thus, as development proceeds, 

structures such as the limbs which are derived from somatic rnesoderm are colonized by extrinsic 

angioblasts derived from the paraxial mesoderm (WiIting et al., 1995a). 

The major vessels are normaily assembled from local angioblasts (Pardanaud et al., 1987; 

Coffin and Poole, 1988; Pardanaud et al., 1989; Coffin and Poole, 199 1 ; Poole and Coffin, 199 1 ; 

Couly et al., 1995) but there is also evidence for long migration of angioblasts from their site of 

origin to the vessels (Coffin and Poole, 1988; Noden, 1988; Coffin and Poole, 1991;Noden, 

199 1b; Noden, 1991~).  Extracellular matrix molecules appear to play an important role in the 

migratory and invasive behaviour of angioblasts (Christ et al., 1990; Coffin and Poole, 199 1). 

Recent studies in the marnmalian embryo have revealed the presence of angioblasts in adult 

penpheral circulation (Asahara et al., 1997; Shi et al., 1998) and in umbiIical chord blood (Shi et 

al.. 1998; Nieda et al., 1997). These cells onginate in the bone marrow, express many of the 

markers shared by hematopoietic stem cell and endothelial ce11 lineages, and can contribute to the 

endothelium during neovascularization. These findings suggest that vasculogenesis is not limited to 

embryonic development but may also play a role in postnatal neovascularization. 

Development of the endocardiurn 

The endocardium forms the innermost lining of the heart and develops at the same time as 

blood vessels (Coffin and Poole, 1988; Coffin et al., 1991). The precisely pattemed coalescence of 

endocardium and rnyocardium is required first to form the heart tube, and then to establish a 

searnless junction with the vascular endothelium by the onset of embryonic circulation. Based on 

the early expression of genes which mark the mature endocardium, and fate mapping studies in the 

chick, endocardial progenitors arise within the cardiogenic splanchnic mesoderm as a group of 

cells that are spatially sequestered from the myocaràium (Yamaguchi et al., 1993; Lee et al., 1994; 
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Cohen-Gould and Mikawa, 1996; Sugi and Markwald, 1996). Virtually alI markers for vascular 

EC progenitors are also expressed by the early endocardium, strongly suggesting that it represents 

a subset of angioblasts. Zebrafish and mouse mutants in which the EC lineage is eliminated also 

fail to form endocardium, (Stanier et al., 1995; Liao et al., 1997; Shalaby et al., 1995) supporting 

this view. The earliest endocardial cells assemble into a loose vascular plexus underlying the 

foregut and coalesce into progressively larger tubes until eventually generating a single endocardiai 

tube (DeRuiter et al., 1992). Subsequent to formation of the primitive heart tube, growth factor- 

receptor signalling systems includlng the neuregulin/ErbBZ/'rbB4 family (Gassmann et al., 1995; 

Lee et ai., 1995; Meyer and Birchmeier. 1995; Kramer et al., 1996) as well as ephrinB2 and its 

receptor Eph-B4 (Wang et al., 1998) play a role in further myocardial differentiation and 

trabeculation. 

Patterning the vasculature 

While homotypic grafting of quail tissue to chick embryos has provided an assay for the 

angiogenic potential of various mesodermal tissues in the early embryo, heterotypic grafting 

studies have pointed to the critical role of environmental cues in establishing blood vesse1 

patterning during development (Poole and Coffin, 1989; Noden, 199 1c). For example. angioblasts 

of anteriorly transplanted trunk mesoderm contribute to the formation of vascular structures normal 

and appropriate to the head (Noden, 1988; Noden, 1992~). Sirnilarly, studies of the mamrnalian 

blood-brain barrier endothelium have documented the ablility of astrocytes to induce the 

appropriate phenotype in ECs (Stewart and Wiley, 198 1 ; Beck et d., 1984; Janzer and Raff, 

1987). Thus the patterns of angioblast or EC movement, condensation and oganization into 

vessels are controlled, at least in part, by extracellular signals in the surrounding environment. 

RoIe of endoderm and axial structures on early blood vesse1 pattern formation 

Several lines of evidence suggest that the viscerd endodenn influences the differentiation of 

adjacent tissues including progenitors of the yolk sac endothelium and the endocardium. The 

absence of endoderm from cultured explants of chick embryo (Wilt, 1965; Miura and Wilt, 1969; 

Augustine, 198 1) or mouse yolk sac (Palis et al., 1995) disrupts the formation of blood vessels. In 
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addition, precardiac mesoderm explants fail to form QH-1 positive endocardial ceils when cultured 

without endodenn (Sugi and Markwald, 1996). Furthermore, the vessel morphology of the avian 

extraembryonic mesoderm varies according to the specific endodermal cell type with which it is 

associated (Flamme, 1989), and vasculogenesis of organ rudiments correlates with the presence of 

endoderm (Pardanaud et al., 1996; Pardanaud et al., 1989). On the other hand, ECs can 

differentiate frorn ungastmlated tissue (Christ et al., 199 1; von KirschhoEer et al., 1994) and y o k  

sac explants cultured without endoderm express Flk-I a marker for EC progenitors (Palis et al., 

1995). These observations suggest that the initial step of EC differentiation can proceed in the 

absence of endoderm. Sirnilarly, in Gara-4 homozygous mutant cystic embryoid bodies which lack 

visceral endoderm (Soudais et al., 1995), EC differentiation is not abolished as assayed by the 

expression of EC specific trmscripts including Flk-I, Flt-I and PECAM-I (Bielinska et al., 1996). 

Taken together, these findings suggest that the visceral endoderm is not necessary for the initial 

segregation of the EC lineage but rather it may be the source of growth factors that regulate 

subsequent organization of angioblasts and blood vessel formation. As described in more detail in 

a later section, rnernbers of the vascular endothelial growth factor (VEGF) family of EC regulators 

are excellent candidates to fulfül this function. 

In addition to endoderm, axid structures have dso been suggested as a source of patteming 

signals for the developing vasculature. Studies in the chick demonstrated that migrating angioblasts 

never cross the rnidline of the embryo (Christ et al., 1990; Wilting et al., 1995a) and that the 

midline barrier is related to signals from the notochord (messinger and Christ, 1996). 

Furthermore, the Zebrafish notochord mutantsfloating head (fzh) and no tail (nt0 exhibit aborted 

formation of the dorsal aorta and perturbed assembly of the axial vein (Fouquet et al., 1997; 

Sumoy et ai., 1997). The vascular defect appears to be the result of the failure of EC progenitors to 

migrate frorn their site of origin towards the midline of the embryo. It is not clear, however, 

whether this phenotype is the direct result of notochord absence or secondary to defects in somite 

organization that are also observed in these mutants. Finally, recent studies in the Xenopus embryo 

suggest that signals derived from the hypochord mediate angioblast migration during 

vasculogenesis of the dorsal aorta (Cleaver and Kneg, 1998). 



Vascularization of orpan rudiments: vasculoeenesis - and anpiopenesis 

As discussed, the first vessels including those of the yolk sac, dorsal aorta and 

endocardium arise by vasculogenesis. Angiogenesis is the growth or derivation of vascular 

structures from pre-existing blood vessels, and also plays a role in providing developing organs of 

the embryo with a blood supply. 

Three forms of angiogenesis (also called angiotrophic growth) (Wilting et al., 1995b; 

Wilting and Christ, 1996) can be distinguished based on the morphogenetic characteristics of the 

participating ECs. In angiogenesis by intussusception, ECs in a vessel proliferate producing a wide 

lumen which is split by trans-vesse1 pillars of interstitial extracellular rnatrix, thereby partitioning 

the vessel (Caduff et al., 1986; Burri and Tarek, 1990; Patan et al., 1993). This process creates 

additional branches of existing vessels thereby expanding and reorganizing the vascular network, 

and can take place during continuous vessel perfusion suggesting that it may occur in response to 

metabolic needs of the tissue. Second, nonsprouting angiogenesis is growth by intercalation of 

ECs (Wilting et al., 1995b) either in a normal vessel that is expanding in both length and width or 

in a damaged vessel that requires re-endothelialization. The third form of angiotrophic growth is 

sprouting angiogenesis, and, as discussed further below is thought to be the primary mode of 

vascularization of several tissues such as brain and kidney during organogenesis. The process of 

sprouting angiogenesis has discrete steps: 1) local degradation of the basement membrane 2) 

migration of ECs toward angiogenic stimulus, 3) lumenization, 4) ce11 division at the base of the 

sprout and 5) anastomoses of adjacent sprouts and loop formation followed by gerfùsion (Wilting 

et al., 1995b; Stromblad and Cheresh, 1996; Wilting and Christ, 1996; Pepper, 1997). 

Experimental evidence supports the notion of differential organ vascularization by 

vasculogenesis and angiogenesis. EC fate mapping studies in avian transplantation chirneras 

suggest that endodermaliy denved organ rudiments including lung, pancreas, spleen, stomach and 

gut contain an endogenous source of angioblasts which provide the organ with a vasculature by 

vasculogenesis (Pardanaud et al., 1989). In contrast, the neural tube and brain are vascularized by 

angiogenic sprout formation from the surrounding perineural vascular plexus or by invasion of 

migratory angioblasts (Stewart and Wiley, 198 1; Noden, 199 la; Kun  et al., 1996). The Iimb bud 

blood vessels are derived from both intrinsic angioblasts and sprouts from the intersornitic vessels, 
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suggesting that both vasculogenesis and angiogenesis cooperate to vascularize this tissue (Wilms et 

al., 1991; Seifert et al., 1992; Brand-Saberi et al., 1995). Finally the presumptive kidney 

mesenchyme does not contain intrinsic angioblasts as assayed both in vitro and in quaiUchick 

transplantations (Ekblom et al., 1982; Sariola et al., 1983; Pardanaud et al., 1989; Pardanaud et 

al., 1996) suggesting that it must be vascularized by extrinsic angioblûsts. 

During organogenesis, expansion of the vasculature laid down in early organ rudiments as 

above occurs by angiogenesis and is dependent on the proliferation of additional ECs from 

preexisting vascular beds. In general therefore, it is the source of the newly generated ECs that best 

distinguishes vasculogenesis and angiogenesis. Despite this difference, it is likely that many of the 

mechanisms and regulators that control new vessel formation are cornmon to the two processes. 

For instance, ECs engaged in either vasculogenesis or angiogenesis appear to use simiIar 

extracellular matrix adhesive mechanisms (Brooks et al., 1994; Drake et al., 1995) and as 

discussed below respond to a similar profile of extracellular growth factors. 

Maturation of the ~r imary  vasculature 

Once the early vascular network is established, it undergoes several maturation steps 

known as vascular remodelling. Rernodelling involves the creation of large and small vessels, the 

adjustment of vascular density to meet the metabolic requirements of specific tissues and the 

association of ECs with perivascular cells (pencytes and srnooth muscle cells) appropriate to the 

cardiovascular load of the particular blood vessel. The interaction between ECs and perivascular 

cells is thought lead to inhibition of EC proliferation and maturation of the vessel (Beck and 

DIArnore, 1997). 

BIOCHEMICAL CONTROL OF BLOOD VESSEL FORMATION 

Growth factors, cytokines and blood vessel development 

The developing embryo must interpret a variety of extracellular signals in order to correctly 

establish a functioning vasculature. The search for potential biochemical regulators of angiogenesis 

has yielded numerous candidates (for review: Risau, 199 1; Folkman and Shing, 1992). Some 

examples include fibroblast growth factors -1 and -2 (FGF- 1, FGF-2) which are mitogenic and 
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chernotactic for cultured ECs and can induce tube formation in vitro (Abraham et al., 1986; 

Basilico and Moscatelli, 1992; Bikfalvi et al., 1997). Sirnilarly, transforming growth factor-P 

(TGF-P) bas an effect on ECs in vitro (Roberts et al., 1986; Pepper, 1997) and its targeted 

inactivation in mice resulted in defects of the yolk sac vasculature in a subset of homozygous 

mutant embryos (Dickson et al., 1995). In addition, epidermal growth factor (EGF), tumour 

necrosis factor-a (TNF-a) (Leibovich et al., 1987; Frater-Shroder et al., 1987), platelet derived 

growth factor A and B (PDGF-A, PDGF-B) (Heldin et al., 199 1; Ishikawa et al., 1989) and 

interleükin-8 (IL-8) (Koch et al., 1992) have al1 been shown to promote angiogenesis in certain 

mode1 systems. However, with the exception of TGF-P, it has been difficult to correlate such 

activity with the specific physiological regulation of EC growth dunng vascular development. This 

may in part be due to the broad expression of the receptors for many of these growth factors in 

diverse tissues with resulting widespread biological effects. The importance of the combinatorial 

action of these growth factors in the regulation of EC differentiation and growth during 

development has not been functionaily addressed, but it is well accepted that the control of blood 

vesse1 growth is the result of an overail balance between the actions of positively as well as 

negatively acting factors (Hanahan and Folkman, 1996). 

Growth factor receptor tyrosine kinases 

Many growth factors mediate their effects by binding to and activating ce11 surkce receptor 

tyrosine kinases (RTKs). Receptors of the tyrosine kinase farnily are transmembrane proteins that 

contain a single membrane spanning domain that divides the molecule into an extracellular ligand 

binding domain and a conserved cytoplasmic protein kinase catalytic domain. RTKs are highly 

conserved in evolution suggesting that they play preserved, important biological functions that 

transcend phylogenetic differences (Pawson, 1993; Kazlauskas, 1994). 

Classification of RTKs into subfarnilies is based on structural characteristics rather than 

function, although highly sirnilar RTKs tend to have related biological functions. (for review see: 

van der Geer et al., 1994). The typical RTK contains a signal peptide which targets the receptor to 

the secretory pathway, followed by the rest of the extracellular domain containing glycosylation 

sites, a particular pattern of cysteine residues and a characteristic array of structural motifs. The 
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combination of various repeated motifs distinguishes each RTK subfamily. In the cytoplasrnic 

portion of RTK a juxtamembrane region precedes the conserved catalytic kinase domain which is 

required for phosphotransfer (Hanks et al., 1988; Hanks and Hunter, 1995). 

Transduction of the ligand binding signal can be divided into discrete steps. Ligand binding 

mediates clustering and dimerization of the receptor molecules, resulting in intermolecular 

phosphorylation of specific tyrosine residues of the intracellular domain within a dimer (Ullrich 

and Schlessinger, 1990). These phosphorylated tyrosine residues act as high affinity binding sites 

for cytoplasrnic substrates that associate with the activated receptor via src homology-2 (SH2) 

(Koch et al., 1991; Pawson, 1993) and phosphotyrosine binding (PTB) domains (Kavanaugh et 

al., 1994) (for review see: Pawson and Scott, 1997). The specificity of binding by SH2 domains 

is governed by three to five amino acid residues C-terminal to the phosphotyrosine (Birge and 

Hanafusa, 1993; Songyang et al., 1993). Phosphorylation and/or translocation of substrates by the 

activated receptor are responsible for mediating the cellular response of the receptor. Intracellular 

RTK substrates include enzymes (eg RasGAP, src family kinases, PI3 kinase), adaptor and 

docking molecules (eg GRB2 and SHC), as well as structural proteins (eg paxillin, talin) (for 

review see: van der Geer et al., 1994). 

Many RTKs utilize the ras signalling pathway to exert their biological effects (Marshall, 

1995). Ras is a membrane bound guanine nucleotide binding factor that is converted to an active 

GTP bound forrn via activated RTK substrates such as SHC. Activated Ras in tum interacts with 

the Raf-1 serine threonine kinase. Localization of Raf to the plasma membrane leads to its 

activation by phophorylation (Jelinek et al., 1996). Once activated, Raf phosphorylates and 

activates the protein kinase MEKI which phosphorylates and activates the MAP kinases ERKl and 

ERK2 (reviewed in Marshall, 1995). These kinases phosphorylate a number of substrates that 

participate in ce11 cycle regulation including transcription factor Elk-l(Janknecht et al., 1993; 

Karin, 1994), and phospholipase A2 (Lin et al., 1993). RTK activation also stimulates several 

other pathways that involve phospholipid messengers (van der Geer et al., 1994) as well as 

transcriptional activators such as those of the STAT and JAK families (Karin, 1994; Me,  1996) to 

mediate their cellular effects. 



Endothelial ce11 specific signalling pathways 

Work in several laboratories over the last few years has elucidated the pivotal role of 

vascular endothelial growth factor (VEGF) in the specific regulation of nomal and abnormal 

angiogenesis based on its EC specific action. The selectivity of VEGF for ECs is consistent with 

the fact that the expression of high affinity VEGF receptors, the receptor tyrosine kinases VEGFR- 

1 and VEGFR-2, is restricted to ECs. More recentiy, additional VEGF related molecules and their 

EC expressed receptors have been characterized. As discussed below, numerous functional studies 

have confirmed the vital role of this ligandreceptor family in embryonic vascular development. 

Furthemore, a second subfamily of regulators of angiogenesis, the EC specific TEK and TIE 

RTKs has been identified. These receptors and TEK specific ligands, Angiopoietin- i and 

Angiopoietin-2 have provided an additional entry point to elucidation of the biochemical regulation 

of ECs in developrnent. 

THE VEGF GROWTH FACTOR FAMILY AND ITS RECEPTORS 

Structure and bindinp properties 

At present five members of the VEGF family of EC specific growth factors have been 

identified from various species (Figure 1). These include VEGF (Senger et al., 1986; Plouet et al., 

1989), VEGF-B (Olofsson et al., 1996a; Grimrnond, 1996), VEGF-C (or VEGF-related protein: 

VRP) (Joukov et al., 1996; Lee et al., 1996; Achen et al., 1998), VEGF-D (or c-fos induced 

growth factor (FIGF)) (Orlandini, 1996; Yamada et al., 1997) and placenta derived growth factor 

(PlGF) (Maglione et al., 199 l), al1 dimeric glycoproteins with amino acid similarity to the platelet 

derived growth factor A and B chains. A surnmary of the nomenclature of the VEGF growth factor 

f d y  as well as additional references are provided in Table 1. The biological effects mediated by 

this growth factor family are complex as a result of the existence of multiple isoforms generated 

either by alternative splicing or regulated proteolytic processing with resulting differences in 

refative leveIs, secretion profiles and bioactivity. 

Different isoforms of VEGF, VEGF-B and PlGF are expressed as a result of alternative 

splicing. In humans, five different isoforms are known, hVEGF12 1, 145, 165, 189, and 206 

(Tischer et al., 199 1). Homologous isoforms are mVEGF120, 164, and 188 in mice (Breier et ai., 
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Table 1 Nomenclature for VEGF family growth factors 

factor species narnes references 

VEGF human VPF (Keck et al., 1989) 

VEGF (Leung et al., 1989) 

mouse VEGF (Breier et al., 1992) 

quail VEGF (Flamme et ai., 1995a) 

Zebrafîsh VEGF (Liang et ai., 1998) 

Xenopus VEGF (Cleaver et al., 1997) 

VEGF-B human VEGF-B (Olofsson et al., 1996a) 

VRF (Grimmond et al., 1996) 

mouse VEGF-B (OIofsson et al., 1996a) 

VEGF-C human VEGF-C (Joukov et al., 1996) 

VRP (Lee et ai., 1996) 

VEGF-2 (Hu et al., 1997) 

mouse VEGF-C (Fitz et al., 1997) 

quail VEGF-C (Eichmann et al., 1998) 

VEGF-D human VEGF-D (Yarnada et ai., 1997) 

(Achen et al., 1998) 

mouse FIGF (Orlandini et al., 1996) 

VEGF-D (Yarnada et ai., 1997) 

PlGF human PlGF (Maglione et al., 199 1) 



1992) and qVEGF122, 146, 166 and 190 in quail (Flamme et al., 1995b). The properties of 

hVEGF homodimenc proteins containing 121, 165, or 189 amino acid monomers have been 

analysed. VEGFl2 l is a completely secreted form, while the predorninant VEGFl6S form is 

found as both a secreted and ce11 associated form which binds to isolated heparin as well as to 

heparan sulfate proteoglycans distributed on the ce11 surface and within the extracellular matrix. 

VEGF189 is found tightly sequestered on the surface of the secreting ce11 and in the extracellular 

matrix by binding to endogenous proteoglycans. VEGF165 and 189 isoforms may be released in a 

soluble form by heparin or heparinase (Park et al., 1993). The long form of VEGF has additionally 

been shown to be proteolytically cleaved in vitro by plasmin whose generation has been shown to 

play an important role in angiogenesis suggesting that this cleavage has functional relevance in 

vivo. 

Similady, the gene for VEGF-B encodes two isoforms VEGF-B 167 and VEGF-B 186, the 

former of which binds heparin (Olofsson et al., 1996b). VEGF-B 186 is freely secreted from cells 

whereas VEGF-B remains ce11 associated, but can be released into the culture medium with 

treatrnent of the producing cells with heparin. Both isoforms of VEGF-B can forrn heterodirners 

with VEGF165 (Olofsson et al., 1996b). Since VEGF-B 167/VEGF 165 heterodimers remain ce11 

associated, one function of VEGF-B may be control the bioavailability of VEGF. PlGF also exists 

as three isoforms (PIGF-1, -2 and -3) generated by alternative splicing (Maglione et al., 1993). 

PlGF-2 (PlGF 152) binds heparin at the cell surface, whereas PIGF- 1 (PIGF 13 1) does not (Park et 

al., 1994; Sawano et al., 1996). 

In contrast to the alternatively sliced VEGF family mernbers, VEGF-C is synthesized as a 

61kDA propeptide which undergoes complex proteolytic maturation by unknown proteases 

eventually giving rise to mature VEGF-C, a non-covalent homodimer of 2 1 kDa proteins. VEGF-C 

does not bind heparin and al1 forms of the factor are reaàily secreted whether they are processed or 

not (Joukov et al., 1997b). Proteolytic maturation increases the affinity of VEGF-C for its 

receptors (Joukov et ai., 1997b), an alternative means of regulation of the bioavailability of this 

growth factor. Thus, the different biochemical properties of the VEGF family isoforms elucidated 

to date rnay regulate their cellular release, compartmentalization and bioavailability and possibly 

also rnodulate the signalling properties of these growth factors. 
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Three high-affinity RTKs of the VEGF family have been identified (Figure 1). These 

receptors include VEGFR- 1, (or Flt- 1) (Shibuya et al., 1990), VEGFR-2, (or FIL- l/KDR) 

(Matthews et al., 199 1 ; Terman et al., 1992) and VEGFR-3 (or Ht4; Aprelikova et al., 1992) (see 

Table 2 for additional references). Ail three RTKs are characterized by an extracellular domain with 

seven immunoglobulin (1g)-like domains, a single transmembrane region and a consensus tyrosine 

b a s e  sequence that is intermpted by a kinase insert domain. Alternative splicing of the gene for 

VEGFR-I results in the additional production of a soluble, truncated receptor lacking the seventh 

Ig-like domain, the transmembrane and intracellular kinase domains (Kendall and Thomas, 1993). 

In addition, the mature form of VEGFR-3 differs from the other two VEGF receptors in that it is 

proteolytically cleaved in the extracellular dornain into two disulfide-linked polypeptides (Pajusola 

et al., 1994). Furthermore' two VEGER-3 mRNAs encode polypeptides differing in their C -  

terrnini and apparently their signalling properties due to the use of alternative 3' exons (Pajusola et 

al., 1993; Borg et al., 1995). 

The functions of the VEGF family receptors in embryonic and physiological angiogenesis 

are iikeiy to be complex as a result of multiple VEGF farnily ligand binding and ligand heterodimer 

formation as shown schematically in Figure 1. The biological effects of VEGF are mediated by 

binding to VEGFR-L and VEGFR-2 (Millauer et al., 1993; DeVries et al., 1992). PlGF binds only 

VEGFTX-1 as a homodimer (Park et al., 1994; Sawano et ai., 1996), but can also bind VEGFR-2 

in addition to VEGFR-1 as a heterodimer with VEGF (DiSalvo et al., 1995). VEGF-B is reported 

to bind to VEGFR-1 selectively , and can form heterodimers with VEGF, the binding properties of 

which have not been described (Korpelainen and Alitalo, 1998). VEGF-C binds to VEGFR-2 and 

to the third EC specific receptor, VEGFR-3 which is not capable of binding VEGF (Joukov et al.. 

1996; Kukk et al., 1996; Eichmann et al., 1998; Pajusola et al., 1994). The proteolytically 

processed forms of VEGF-C show increasing activity towards VEGFR-3, whereas only the fully 

mature form c m  activate VEGFR-2 (Joukov et al., 1997a; Joukov et al., 1997b). VEGF-D binds 

both VEGFR-2 and VEGFR-3 (Achen et al., 1998) although its role in the vasculature has not 

been clearly defined. Finally, Neuropilin -1 has recently been shown to also bind the secreted 

forms of VEGF and PlGF as well as its previously characterized ligands of the semaphorin family 

which are active in axon pathfinding during development of the nervous system (Soker et al., 
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Table 2 Nomenclature for VEGF receptoss 

rece~tor species names references 

VEGFR-1 human flg (Ruta et al., 1988) 

Flt- 1 (Shibuya et al., 1990) 

mouse Ht- 1 (Finnerty et al., 1993) 

VEGFR-2 human KDR (Teman et al., 199 1) 

(Terman et al., 1992) 

mouse Flk- 1 (Matthews et al., 199 1) 

Nyk/Fik-1 (Oelrichs et al., 1993) 

quail Quek 1 (Eichmann et al., 1993) 

(Eichmann et al., 1996) 

(Flamme et al., 1995a) 

Zebrafish Flk- 1 (Fouquet et al., 1997) 

Xenopus flk- I (CIeaver et al., 1997) 

VEGFR-3 human Flt-4 (Aprelikova et ai., 1992) 

(Pajusola et al., 1992) 

mouse Flt-4 (Finnerty et al., 1993) 

q u d  Quek 2 (Eichmann et al., 1993) 

(Eichmann et al., 1996) 

Zebrafish Flt-4 (Thompson et al., 1998) 



1998; Migdal et al., 1998). Neuropilin nul1 rnice showed abnormaiities in the nervous system but 

died in utero as a result of cardiovascular defects (Kitsukawa et al., 1997), suggesting that VEGF 

mediated neuropilin-1 signalling is an important mechanism in vascular development. The 

molecutar characterization and signalling properties of the VEGF famiiy and its receptors are 

discussed in several recent reviews (Mustonen and Alitalo, 1995; S hibuya, 1995; Ferrara, 1996; 

KLagsbrun and DfAmore, 1996; Thomas, 1996; Bussolino et al., 1997; Ferrara and Davis-Smith, 

1997). 

Expression patterns 

The expression patterns of members VEGF growth factor farnily and those of the VEGF 

receptors are consistent with a role for this signal transduction pathway in embryonic 

vasculogenesis and angiogenesis (Breier, 1996). In the gastrulation stage mouse embryo, VEGF is 

expressed predorninantly in the visceral endoderm adjacent to or in close proxirnity to regions of 

the extraembryonic and embryonic mesoderm that express VEGFR- 1 and VEGFR-2 and that give 

rise to the blood islands and endothelid progenitors of the dorsal aorta and endocardium (Breier et 

al., 1995; Dumont et al., 1995). As the early circulatory system begins to form, VEGFR-1 and 

VEGFR-2 expression colocalizes specifically with the endothelium of nascent blood vessels 

(Breier et al., 1995; Fong et al., 1996; Millauer et al., 1993; Yamaguchi et al., 1993). The 

expression of these molecules pnor to the formation of either blood vessels or hematopoietic cells 

in the yolk sac strongly suggests a role for this ligand/receptor system in early hemangioblast and 

angioblast differentiation. Furthemore, the developmental expression profiles of VEGF and 

VEGFR-2 in sites of angioblast and hematopoietic ce11 differentiation, as well as subsequent EC 

specific expression have been observed in other vertebrate species including Xenopus, Zebrafish 

and quail, suggesting conservation of the function of this signal transduction pathway (Fouquet et 

al., 1997; Thompson et al., 1998; Cleaver et al., 1997; Eichmann et al., 1993; Flamme et al., 

1995a; Aitkenhead et al., 1998). Interestingly, VEGFR- 1 homologues have not been characterized 

in these species. 

In murine and quail embryos, VEGFR-3 is expressed slightly later than VEGFR-2 in eady 

endocardial cells and angioblasts of the paraxial and cephalic mesoderm (Kaipanen et al., 1995; 
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Eichmann et al., 1993; Wilting et ai., 1997). Dunng organogenesis, VEGFR-2 (and VEGFR- 1 in 

mouse and human) are widely expressed in ECs of most developing tissues whereas VEGFR-3 

gradually becomes limited to venous ECs and is finally confined to lymphatic ECs dunng late 

embryogenesis (Kaipanen et al., 1995; Eichmann et al., 1993; Wilting et al., 1997; Kukk et al., 

1996). Accordingly, at this stage of gestation VEGF-C is expressed in regions corresponding to 

sites of lymphatic vesse1 sprouting (Kukk et al., 1996; Eichmann et al., 1998). This 

complementq expression pattern suggests that VEGF-C functions in the formation of the venous 

and lymphatic systems. VEGF-C overexpression in the skin of transgenic mice resulted in 

hyperplasia specifically of the lymphatic vascularure, supporting such a notion (Jeltsch et al., 

1997). Furthemore, application of exogenous VEGF-C to the avian chorioailantoic membrane 

(CAM) selectively induced proliferation of the lymphatic endothelium (Oh et al., 1997). 

VEGF-B, VEGF-D and PlGF are also expressed during embryonic development (Olofsson 

et al., 1996a; Joukov et al., 1997a; Lagercrantz et al., 1998; Avantaggiato et al., 1998; 

Korpelainen and Alitaio, 1998). The combinatorid roles of these and other VEGF factors as well 

as the relative effects of their binding to specific receptors during embryonic vascularization are 

currently the subject of speculation. For example, given the expression patterns of VEGFR-2 and 

VEGFR-3 and the fact that VEGF-C and VEGF-D can activate both of these receptors, it is 

possible that VEGF-C and VEGF-D help coordinate the development of vascular and lymphatic 

endothelia. Expression of either of these factors at a specific location in the embryo could stimulate 

the growth of both vascular and lymphatic endothelium, whereas the expression of VEGF (which 

binds VEGFR-2 but not VEGFR-3) would rnediate only the growth of vascular endothelium. 

Thus, changes in levels of expression of the genes for the VEGF family members could serve to 

modulate the abundance of different types of vessels arising in specific tissues. Functional andyses 

of the roles of these molecules are required to address these questions. 

Thus, in addition to the formation of different isoforms and heteromenc complexes of the 

VEGF growth factor family as described earlier, their different expression patterns as well as those 

of their receptors during embryonic development and in aduits, and different biochernical 

propertïes provides the basis for a diverse array of regulatory signals for endotheliai cells. 



Functional studies of VEGF growth factors and their receptors 

The expression patterns of the VEGF family of growth factors and their receptors are 

highly suggestive of a function in embryonic and physiological angiogenesis. At the cellular level, 

VEGF modulates EC proliferation. migration, tube formation and vessel pemeability in cultured 

ECs (Klagsbrun and D'Arnore, 1996; Ferrara and Davis-Smith, 1997). Similarly, when applied to 

the vasculature of in vitro cultures of differentiated chick CAM, VEGF acts as a dose-dependent 

EC rnitogen (Wilting et al., 1993; Kun  et al., 1995; Wilting et al., 1996; Oh et ai., 1997), and c m  

also induce sprout formation in this situation (Wilting et al., 1992; Wilting et al., 1993). To define 

the in vivo role of VEGF and its receptors more precisely, both gain and loss of function 

approaches have been used in severai experimental systems. 

Severd groups have investigated the effects of VEGF overexpression on vascular pattern 

formation in vivo. Retrovirai expression mediated exogenous VEGF treatment of the wing bud of 

3-4 day old chicks resulted in an increase in the density and complexity of the capillary network 

without effects on the overall vascular pattern of main arteries and veins (Flamme et al., 1995b). 

Hyperpermeability (edema) was always associated with VEGF overexpression in the wing bud. 

Furthermore, application of soluble VEGFl65 to the 4-5 day old quaiL forelimb bud caused 

hyperproliferation of endocardial cells leading to septation and trabeculation defects in the heart 

with resulting embryonic lethality, although the overall vascular patteming apparently remained 

unperturbed (Feucht et al., 1997). In contrast, injection of soluble VEGF into pre circulation 

(vasculogenesis) stage quail embryos between the endoderm and splanchnic mesoderm caused a 

significant disruption in the vascular architecture with formation of abnormal blood vessels with 

very large lumens and aberrant connections (Drake and Little, 1995), an effect observed in an 

analogous experiment in the Xenopus embryo (Cleaver et al., 1997). Similarly, expression of 

soluble mouse VEGF164 in the developing lung epithelium of transgenic mouse embryos resulted 

in an abnormal pattern of blood vessel distribution and resulting disruption of lung rnorphogenesis 

(Zeng et al., 1998). The divergent effects of VEGF depending on the location and timing of its 

overexpression suggests that the precise cellular effects of VEGF may vary according to the type, 

size, function or maturity of the blood vessels at a particular matornical site. 

The crucial roie of VEGF and its receptors in the establishment of the vascular system 
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during embryonic development has been demonstrated in targeted gene inactivation studies in rnice 

(CanneLiet et al., 1996; Ferrara et al., 1996). S trikingly, rnouse embryos heterozygous for a VEGF 

null allele arrest at E9.5 with a severely perturbed vasculature indicating a strong dose dependence 

on VEGF for vascular development. Phenotypic malysis of VEGF+/- embryos revealed decreased 

capillary density, and a defective vitebe-embryonic connection in the yolk sac, as weU as reduced 

sprout formation, abnormal vesse1 connections and incomplete dorsal aorta differentiation in the 

embryo proper. VEGF-/- embryos denved from tetraploid aggregation experiments exhibited a loss 

of the dorsal aorta over its entire length, although delayed EC differentiation was observed at other 

sites in these highly defective embryos (Carmeliet et al., 1996). These observations suggest that 

VEGF signalling through VEGFR-2, VEGFR- 1 andor Neuropilin- 1 affects essentially al1 aspects 

of early vascular developrnent, including vascu~ogenesis, angiogenesis and t k i r  associated cellular 

phenornena. 

Lnactivation of the VEGFR-2 signalling pathway resulted in embryos lacking both 

endothelial and hematopoietic cells indicating an absolute requirement for this receptor in 

vasculogenesis and hernatopoiesis. (Shalaby et al., 1995). Additional studies using chimeric mice 

demonstrated that this dual requirement for VEGFR-2 is ce11 autonomous, and that VEGFR-2 is 

involved in migration of cells from the posterior primitive streak to the appropriate extraembryonic 

and embryonic mesodemal environment where hematopoietic and EC precursors arise (Shalaby et 

al., 1997). This view is supported by the recent finding that in Xenopus, VEGF expression 

rnediates the migration of VEGFR-2 expressing angioblasts to the site of dorsal aorta formation 

(Cleaver and Krieg, 1998), and that hematopoietic ce11 differentiation in VEGFR-2 -/- cells can be 

restored in a suitably reconstituted microenvironment (Hidaka et al., 1998). 

The delayed EC differentiation effect in VEGF haplo-insufficient and tetraploid nul1 

embryos contrasts with aborted EC differentiation in VEGFR-2 nul1 mice implicating a role for 

PIGF, VEGF-C, VEGF-D or an unidentified additional ligand in VEGFR-2 sipnalling in the 

angioblast. Both VEGF-C and VEGF-D are expressed in the gastrulation stage embryo, and 

VEGF-Cl like VEGF induces EC differentiation of isolated VEGFR-2 expressing rnesoderrnal 

cells (Eichmann et al., 1997; Eichmann et al., 1998). Interestingly, neither VEGF nor VEGF-C is 

capable of inducing hematopoietic cell differentiation in isolated VEGFR-2 expressing mesodenn, 
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although signalling by the receptor is required for this process. Whether VEGF-D is responsible 

for VEGFR-2 mediated hematopoiesis remains to be determined. 

Targeted inactivation of VEGFR-1 in the mouse resulted in an embryonic lethal phenotype 

at about E9.0 of development (Fong et al., 1995). Although EC differentiation was not abolished, 

mutant embryos displayed a highly disordered vasculature with abnormal vessels containing 

multiple lumens. This phenotype is consistent with a role for VEGFR-1 in either proliferation or 

spatid organization of angioblasts and ECs, or both. Importantly, the ernbryonic functions 

mediated by VEGFR-1 do not appear to require kinase activity since mice expressing only the 

ligand binding domain are viable (Hiratsuka et al., 1998). Taken together with biochernical studies 

dernonstrating weak or absent signal transduction by VEGFR- 1 despite high affinity for VEGF and 

PlGF ligands, these results suggest that one function of VEGFR-1 and its soluble form in 

development may be to regulate the bioactivity of VEGF by preventing its binding to the signal 

transducing VEGFR-2. PlGF rnay act to release VEGF from VEGFR- 1 and increase its availability 

to the more relevant VEGFR-2, and regulation of the expression of VEGFR-1 and PIGF may 

provide a means to adjust the sensitivity of the angiobiasts and ECs to VEGF. Alternatively, the 

formation of VEGFR- 1NEGFR-2 heterodimers rnight confer new signalling properties or ligand 

specificites in vivo (Quim and Williams, 1998). 

In surnmary, numerous functional studies have highlighted the essential role of VEGF 

growth factors and their receptors on multiple aspects of vascular development including 

differentiation of the EC lineage and early vesse1 assernbIy. 

TEK AND TIE ENDOTHELIAL CELL SPECIFIC RECEPTOR TYROSINE 

KINASES 

In addition to the VEGF receptor subfxi ly of EC specific RTKs, a second RTK subfamîiy 

consisting of TEK and TIE has been identified. As described below and in Chapters 2 to 4 of this 

thesis, functional studies in the rnouse embryo have demonstrated that the TEK and T E  signalling 

pathways are involved in the angiogenic expansion and maintenance of the endotheliurn dunng 

development and in the adult. 



Identification and structural properties of TEK and TTE 

The genes for Tek and Tie were cloned by several groups using PCR based screens to 

identiQ noveI RTKs in a variety of rodent, and human tissues and ceIl lines (Dumont et al., 1992; 

Horita et al., 1992; Dumont et al., 1993; Iwama et al., 1993; Maisonpierre et al., 1993; Sato et al., 

1993; Schnürch and Risau, 1993; Ziegler et al., 1993; Partanen et al., 1990; Partanen et al., 1992). 

Tables 3 and 4 provide a surnrnary of nomenclature and additional references for the TEK/TIE 

RTK subfamily. Recently, homologues of both genes were also identified in Zebrafïsh based on 

homology to mouse sequences (Lyons et al., 1998). Both TEK and T E  are characterïzed by a 

unique extracellular domain comprking three structurai motifs (Figure 1). These domains include 

three tandem epidermal growth factor-like (EGF) repeats which separate two imrnunoglobulin like 

(Ig) loops, followed by three fibronectin (Fn) type III repeats. The presence of multiple structural 

motifs raises the possibility that TEK and TIE interact with several, diverse extracellular molecules. 

EGF repeats are present in a variety of molecules including Drosophila and murine Notch, Delta 

and Serrate, as welI as lin- 12 and glp- 1 of C-elegans which participate in severd cell-fate decisions 

that require cell-ce11 interactions (Vassin et al., 1987; Wharton et al., 1985; Yochem and 

Greenwald, 1989). Furthermore, the Ig and fibronectin superfamilies consist of proteins that are 

involved in extracellular protein-protein interactions with either soluble or ce11 bound molecules 

(Williams and Barclay, 1988). These observations suggest that the extracellular portion of TEK 

and TIE may rnediate extraceIlular matrix or cell-ce11 interactions in addition to signal transduction 

in ECs by binding to soluble ligands. Despite the similarities in domain structure between TEK and 

TE, the amino acid identity between the two receptors in the extracellular portion is low, 

suggesting that they bind distinct, but possibly related ligands. Indeed the recently identified 

ligands for TEK, Angiopoietin-1 (Ang-1) and Ang-2, do not interact with TIE (Davis et al., 1996; 

Maisonpierre et al., 1997). 

Interestingly, biochemical studies of T E  in cultured human ECs have led to the 

identification of a lOOkDa soluble form of the receptor (sTIE) cornprising the extracellular domain 

which is produced specifically in response to protein kinase C (PKC) activation (Yabkowitz et al., 

1997). It is not known whether T E  proteolytic processing also occurs in vivo, and the biochemicd 

properties of sTE have not been described. 
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Table 3 

A. Tek 

species 

mouse 

rat 

B. Tie 
s~ecies 

mouse 

huma.  

rat 

zebrafis h 

Nomenclature for Tek and rie genes 

n m e s  reference 

tek (Dumont et al., 1992; Iwama et al., 1993) 

tie-2 (Sato et ai., 1993; Schnürch and Risau, 1993) 

hyk (Horita et ai., 1992) 

Tek (Ziegler et al., 1 993) 

tie-2 (Maisonpierre et al., 1993) 

Z tie-2 (Lyons et al., 1998) 

narnes reference 

tie (Iwama et al., 1993; Korhonen et ai., 1994) 

tie- 1 (Sato et al., 1993) 

Tie (Partanen et al., 1992) 

tie- 1 (Maisonpierre et ai., 1993) 

Z tie- 1 (Lyons et al., 1998) 



Table 4 Chromosomal mapping of Tek, Tie, Ang-1 and Ang-2 genes 

gene s~ecies chromosome references 

Tek mouse 

human 

Tie mouse 

human 

Ang-1 mouse 

hurnan 

human 

Ang-2 mouse 

(Dumont et al., 1992; Sato et aI., 1993) 

(Dumont et ai., 1994) 

(Sato et al., 1993) 

(Partanen et al., 1992) 

(Cheung et al., 1998) 

(Kukk et ai., 1997) 

(Cheung et al., 1998) 
(Kukk et al., 1997) 



An~iopoietin-1 and An~io~oiet in-2 ,  bands  for TEK 

The identification of two soluble ligands, (Ang-1 and Ang-2) that bind TEK has been 

reported (Davis et al., 1996; Maisonpierre et al., 1997). Both proteins have a sirnilar amino acid 

structure and consist of two domains. The first domain has high hornology to sequences that are 

known to fonn a coiled coi1 quartenary structure in other proteins such as myosin, and the second 

region is similar to a conserved domain found in a farndy of fibrinogen related proteins. Both 

proteins bind TEK with sirnilar affinity (KD= 3.0-3.7 nM) and this binding cannot be competed 

with the addition of soluble T E  (Davis et al., 1996; Maisonpierre et al., 1997). Moreover, in 

cultured ECs, Ang- 1 activates the TEK receptor as assayed by receptor phophorylation on tyrosine 

residues. In contrast, Ang-2 does not have this activity. When Ang-1 and Ang-2 are co- 

administered to ECs, Ang-l activated TEK phosphorylation is blocked by Ang-2 in a dose 

dependent rnanner (Maisonpierre et al., 1997). This resuIt suggests that the natural function of 

Ang-2 is to antagonize the activation of TEK by h g -  1, a novel mechanism for regulation of RTK 

signalling. Overexpression of Ang-2 in the endotheliurn of transgenic mouse embryos resulted in 

severe perturbations of the vascuiature and heart, strongly supporting this mode1 (Maisonpierre et 

al., 1997). 

Sima1 transduction downstream of TEK and TIE 

As described in an earlier section, phosphorylation of intracellular tyrosine residues 

following Iigand stimulation of RTKs creates high affinity binding sites for cytoplasmic signal 

transduction moIecules containing phosphotyrosine binding regions such as SH2 or PTB domains. 

Yeast two-hybrid screens have facilitated the identification of several downstrearn interacting 

pxtners of TEK. These include the adaptor protein GRB2, a tyrosine phosphatase SHP-2 (also 

known as Syp and SH-PTP2) (Huang et ai., 1995; Jones and Dumont, 1998), the p85 subunit of 

phosphatidylinositol 3-kinase (PI3-kinase) (Kontos et al., 19981, as well as a novel adaptor 

rnolecule known as DOK-related (DOK-R) (Jones and Dumont, 1998). Interaction of GRB2 and 

p85 with TEK is through tyrosine residue (Y)l101, the major tyrosine phosphorylation site of 

TEK, whereas SHP-2 binds to Y1 1 12. Both tyrosine residues are located in the cytoplasmic tail of 

TEK. Al1 of these substrates bind TEK in a phosphotyrosine dependent manner in vitro and in 
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vivo. It is interesting to note that embryos homozygous for a mutant Shp-2 allele manifest, among 

several defects, a poorly developed yolk sac vasculature (Saxton et al., 1997). Moreover, 

phosphorylated DOK-R binds to rasGAP (Jones and Dumont, 1998), whose essential function in 

the vessels of the yolk sac has also been described (Henkemeyer et al., 1995). These results 

suggest an important role for the TEK signal transduction pathway in the developing vasculature. 

The identification of signalling molecules downstream of the T E  receptor has been 

hindered by lack of an activating ligand for this receptor. The arnino acid similarity between TEK 

and TIE is highest in the intracellular catalytic domains, with several cornmon tyrosine residues 

suggesting that TEK and TIE may interact with at least sorne common signdling transducers. 

Interestingly, residues Y 1 101 and Y 11 12 in the murine receptors, binding sites for GRB2, p85 

and SEP-2, are conserved between TEK and T E  in Zebrafish, rodents and hurnan (Lyons et al., 

1998). On the other hand, divergence between TEK and T E  is observed at residues Y 1 107 and 

Y1023 in al1 species perhaps signiSing an important difference in the downstrearn signaliing 

mechanisrns of the two receptors. Finally, the fact that TEK phosphorylation occurs independently 

of the presence of T E  suggests that the formation heterodirners between TEK and TTE may not be 

a necessary step in the signal transduction pathways of these receptors (Koblizek et al., 1997). 

Expression of TEK. TIE and An~iopoietins in endothelial cells 

i, Embrvopenesis 

Dunng development,Tek and Tie are expressed in angioblasts pnor to vesse1 formation in 

the yolk sac blood islands as well as within the embryo as determîned by extensive RNA in situ 

hybridization studies. Expression of both genes becomes activated after the onset of VEGFR- 1 and 

VEGFR-2 expression, but well before the appearance of markers for the mature vasculature such 

as von Willebrand's factor (Dumont et al., 1992; Schnürch and Risau, 1993; Korhonen et aI., 

1994; Dumont et al., 1995). Tek transcription is first detected at E7.5 in the blood islands of the 

extraembryonic mesoderm, foliowed by expression in regions undergoing vasculogenesis such as 

the head mesenchyme, as well as in the early dorsal aorta, cardinal vein and endocardium by E8.O- 

8.5. Tie expression commences at E8.0 where it is detected in the early blood vessels of the yolk 

sac, and in angioblasts of the head mesenchyme and early endocardium (Korhonen et al., 1994). 
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Throughout subsequent embryogenesis, both Tek and Tie are expressed in the ECs of 

essentially al1 developing blood vessels and the heart endocardium (Dumont et al., 1995; Korhonen 

et al., 1994). Although in situ hybridization data are not of sufficient resolution to determine the 

expression pattern of individuai cells, these observations strongly suggests that Tek and Tie are co- 

expressed in developing ECs and that they may have related o r  perhaps even redundant cellular 

functions in the angioblast and early embryonic endothelium. The apparent CO-expression of TEK 

and TE also raises the possibility that combinations of ligands may induce particular EC responses 

by CO-engaging the two receptors. Although TEK intracellulx phosphorylation does not require the 

presence of TE, the formation of functional receptor heterodimers under particular in vivo 

circumstances has not been ruled out. 

The genes for Ang-1 and Ang-2 are also expressed during embryogenesis, although it is 

not known whether they are active dunng angioblast differentiation when Tek is first expressed. 

Ang-1 initially shows strongest expression in the heart myocardium when assayed at E9.5, and by 

E12.5 becomes more widespread in the mesenchymai cells surrounding most blood vessels, as 

well as in clusters of possible hematopoietic cells in the fetal liver (Davis et al., 1996; Suri et al., 

1996). Similarly, Ang-2 is expressed in mesenchymal and srnooth muscle cells in close proxirnity 

to ECs in a manner that is related to but distinct from Ang-I at E12.5, suggesting that the 

regulation of Ang-I mediated receptor activation occurs in specific vascular beds in the embryo 

(Maisonpierre et al., 1997). The complementary expression pattern of both ligands and the TEK 

receptor implies a paracrine signalling relationship during development. 

ii Adult 

Importantly, the widespread expression of both Tek and Tie continues in adult endothelium 

(Korhonen et al., 1995; Korhonen et al., 1992; Sato et ai., 1993; Wong et al., 1997), which under 

normal conditions, remains strikingly quiescent (Hobson and Denekarnp, 1984). The sustained 

expression of Tek and Tie in the adult raises the possibility that both receptors have a role in the 

maintenance of mature endothelium, a possibility supported by the fact that Ang-l  is also 

transcriptionaily active in a variety of adult organs. The finding that TEK expressed in resting adult 

tissue is tyrosine phosphorylated is consistent with active downstream signalling by this receptor in 
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mature ECs (Wong et al., 1997). 

Several studies have demonstrated that expression of Tek, Tie and both TEK ligands is 

upregulated during normal angiogenesis necessary for ovarian foilicular maturation and uterine 

development in pregnancy (Korhonen et al., 1992; Dumont et al., 1992; Maisonpierre et al., 

1997). In addition, Tek and Tie expression is enhanced during wound healing angiogenesis 

(Korhonen et al., 1992; Wong et al., 1997) and in the vasculature of human tumours, including 

skin melanoma (Kaipanen et al., 1994) and breast turnours (Salven et al., 1996; Peters et al., 

1998) implicating both receptors in tumour angiogenesis. Moreover, several tumour ce11 lines 

express Ang- l  (Kukk et al., 1997). Indeed, inhibition of TEK in one in vivo tumour mode1 

prevented tumour growth suggesting that the TEK signailing pathway plays an active role in 

pathological neovascularization (Lin et al., 1997) and hence is a candidate for the development of 

anti-turnour angiogenic therapies. 

Exmession of TEK and TIE in hemato~oietic cells 

Tek and Tie are expressed before the onset of circulation in the yolk sac blood islands 

(Dumont et al., 1992; Schnürch and Risau, 1993; Dumont et al., 1995; Korhonen et al., 1994). 

This timing is consistent with the establishment of not only the early extraembryonic vasculature 

but also of primitive hernatopoietic cells. Recently, TEK expressing hematopoietic cells were 

irnmunolocalized to the E9.5 AGM region of the mouse embryo (Takakura et al., 1998), the major 

site of origin of definitive hematopoietic stem cells (Medvinsky and Dzierzak, 1996). This finding 

is consistent with several studies reporting the expression of TEK and TIE in specific 

subpopulations of hematopoietic progenitor celis derived from umbilical chord blood, adult bone 

marrow and the peripheral circulation (Batard et al., 1996; Iwama et al., 1993; Yano et al., 1997; 

Sato et al., 1998). T E  expression is downregulated upon differentiation of hematopoietic stem 

cells isolated from bone marrow (Batard et ai., 1996)- although its expression is maintained in 

some bone marrow B-cells and in megakaryocytes (Hashiyama et al., 1996). T E  is also expressed 

in some leukernic ceil lines, particularly those representing the erythroblastic/megakaryocytic 

lineages (Armstrong et al., 1993). Together, these findings suggest that TEK and TIE may play a 

role in establishing andor maintaining at least a subset of hematopoetic stem cells and may also 
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have a fhnction in the differentiation of such cells to particular hematopoietic cell lineages. 

Functional studies 

Insights into the role of TEK and its Ligands during vascular development are derived from 

gene targeting experiments in the mouse. Mouse embryos homozygous for a nul1 allele of Tek or 

expressing a dominant negative receptor undergo normal vasculogenesis but die between E9.5 and 

E 10.5 of multiple defects of the vasculature (Dumont et al., 1994; Sato et al., 1995). 

Hemorrhaging is evident throughout the embryo and yoik sac membrane. The endocardium of the 

heart is characteristically sparse and does not form a normal association with the myocardium, 

resulting in impaired myocardial trabeculation, and cardiac failure. These mutants also fail to form 

a branched network of large and small vessels in several matornical locations including the yolk 

sac and head, and vascularization of the neuroepithelium by angiogenic sprout formation from the 

surrounding penneural vascular plexus is reduced or absent. Similarly, targeted disruption of Ang- 

1 results in embryonic Iethality by E12.5, with heart and blood vessel defects similar to but less 

severe than than those observed for Tek mutant embryos (Suri et al., 1996). Finally, a paucity of 

perivascular cells at the sites of defective vessel branching and reorganization has been observed in 

both T e k  and A n g - l  mutant embryos as well as in human patients with a vascular 

dysmorphogenesis disorder resulting from an activating mutation in TEK (Patan, 1998; Sato et al., 

1995; Suri et ai., 1996; Vikkula et al., 1996). 

These observations sugpested that TEK signalling via Ang- 1 may not be involved in early 

events in EC differentiation, but rather plays a later role(s) in maintenance of vascular integrity and 

maturation, angiogenic sprout formation as well as interaction between ECs and perivascular 

srnooth muscle cells or pericytes (Folkman and D'Amore, 1996; Sato et al., 1995; Suri et al., 

1996). Consistent with this model, Ang-1 addition to ECs does not promote ce11 proliferation or 

tube formation as has been demonstrated for other angiogenic molecules (Davis et al., 1996), but 

instead mediates migration and sprout formation in vitro (Koblizek et al., 1998; Witzenbichler et 

al., 1998). On the other hand, it is also possible that the reduced recruitrnent of perivascular cells in 

the Tek and Ang-1 mutant embryos reflects a general impairment of EC function including 

expression of other growth factors and cytokines that play a role in this cell-ce11 interaction 
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process. 

The published studies described above highlight the importance of TEK and T E  in 

vascular cells. As descnbed more fully in the next section, 1 have attempted to extend Our 

knowledge of the role of the TEWI'IE subfarnily of RTKs in the developing vasculature, using the 

mouse as an experimental modei, by focusing on the following main questions: 1) What is the in 

vivo role of T E  during embryonic blood vesse1 formation and in the adult? 2) Do TEK and T E  

have redundant functions in ECs? and 3) What is the function of TEK and TIE in the mature 

vasculature? and 4) What is the molecular basis for the EC specific expression of Tek? 

OutIine of the thesis and ex~erimental rationale 

The generation of mutant mice by gene targeting in ES cells has provided a powerful approach to 

elucidate mamrnalian gene function. As described in Chapter 2,1 have taken this in vivo mutational 

approach to determine the function of TIE in the embryonic vasculature. Embryonic stem (ES) ce11 

lines heterozygous for a loss of function allele of Tie ( t ie lc~)  were generated by homologous 

recombination using a vector that targeted the first coding exon of Tie by replacement with the E. 

coli ZacZ gene. thereby providing an endogenous ce11 marking systern for Tie expressing cells. The 

development of homozygous mutant rnice arrested in midgestation as a consequence of widespread 

hemorrhaging and ederna. Phenotypic analysis established a function for T E  in maintenance or 

sumival of rnicrovascular ECs in rnid to late embryogenesis. 

The analysis of anirnals bearing a nul1 mutation in a specific gene is useful in deterrnining 

the overail importance of the gene product to the development of the organism and the identification 

of cell types and tissues which are primarily affected by the mutation. However, the phenotype of 

an abnormal, dying embryo, especially one in which several physiological processes are affected, 

is not always informative regarding primary gene function. Moreover, the Iater functions of 

molecules that have multiple roles throughout life cannot be addressed. One strategy to overcome 

this difflculty is to study the mutant phenotype in a chimeric animal in which some cells are wild 

type in origin and the remainder are mutant. As shown in the last part of Chapter 2 and in Chapter 

3, a chimeric approach was used to further investigate the nature of the Tie-/- defect. Homozygous 

mutant ES ce11 lines were isolated and aggregated to wild type embryos. In this situation, the wild 
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type component is avaiiable to contribute to ce11 populations that are developmentally dependent on 

theTIE signalling pathway to ensure the continued survival of the embryo. The presence of the 

LacZ marker in the targeted Tie aileles facilitated localization of mutant vs. wild type ECs after X- 

gal staining of chimeric embryos at different developmental stages, and in the adult. Importantly, 

chimeras derived from Tie-/- ES cells showed exclusion of mutant cells from certain microvascular 

ECs beginning at E12.5. This tendency was also noted in E15.5 embryos especialiy in organs that 

were undergoing angiogenic sprouting such as the brain and kidney. Mutant ES cells contributed 

efficiently to ECs of other organs such as heart and lung whose vasculature is thought to derive 

from an endogenous source of angioblasts. These results showed that the Tie homozygous 

mutuant phenotype was due to a defect intrinsic to ECs, (a ce11 autonomous phenotype) since even 

in a partially restored wild type environment, TIE deficient cells could not contribute to the 

endothelium of tissues affected in the mutant. In addition, the chimeras revealed a specific function 

for T E  in the expansion of the vasculature by angiogenic sprout formation during organogenesis, 

thereby providing support for the mode1 of differential organ vascularization by angiogenesis and 

vasculogenesis fxst suggested by the avian transplantation chimera experiments described earlier. 

In addition, 1 have investigated the question of whether TEK and TIE have partly redundant 

functions in the developing vasculature in addition to their essential independent functions as 

revealed by each single nul1 mutant. Several lines of evidence suggest that this may be the case. 

First, both genes have highly overlapping expression patterns throughout embryogenesis, and the 

receptors are structurally similar at the arnino acid sequence level. Importantly, neither single 

mutant exhibited deficiencies in angioblast differentiation despite the strong expression of both 

receptors during vasculogenesis. As described in Chapter 4,1 generated and analysed mice lacking 

both TEK and TIE function. Phenotypic characterization of doubly homozygous mutant ernbryos 

revealed that in the absence of both the TEK and T E  signalling pathways, EC differentiation 

proceeds normally suggesting that these receptors do not mediate a redundant function in 

vasculogenesis. Chimeric analysis also made it possible to investigate the possible overlapping 

functions of these receptors later in development dunng angiogenic sprout formation and blood 

vesse1 maturation. This analysis revealed an absolute requirement for TEK in the heart 

endocardium, whereas TEK and T E  are dispensable for the initial assembly of the rest of the 
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vasculature. In contrat, both receptors are required in the rnicrovasculature of most organs in Iate 

organogenesis and in essentially al1 blood vessels of the adult organism. 

Finaüy, understanding the molecular ba i s  of Tek expression in early development requires 

the identification of the genetic controls that determine its timed and EC specific expression dunng 

embryogenesis. With this goal in mind, Chapter 5 describes the results of a functional analysis of 

the murine Tek promoter performed in transgenic rnice. DNA sequences 5' of the Tek coding 

region were fused to the bacterial lac2 gene and then stably integrated into the genome of rnice.The 

P-gdactosidase expression pattern of these Tek-Lac2 fusion genes was exarnined in the resulting 

transgenic mice and defined a short genomic region that was transcriptionally active in angioblasts 

and ECs of the developing embryo in a manner that accurately reflected the expression of the 

endogenous Tek gene. Sequence cornparison between human and mouse promoters identified 

several tightly conserved putative binding sites for members of a number of families of 

transcriptional regulators such as GATA and ETS factors. strongly implicating these molecules in 

Tek gene regulation. 
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CHAPTER 2 

The receptor tyrosine kinase TIE is required for the integrity and survival of 
vascular endothelial cells 

This chapter is a version of the following publication: 

Puri, M.C., Rossant, J., Alitalo, K., Bernstein, A. and Partanen, J. (1995). The receptor 

tyrosine kinase TE is required for integrity and survival of vascular endothelial ceils. EMBO J. 

14, 5884-5891. 



SUMMARY 

Vascular endothelid cells (ECs) are cntical for the development and function of the 

mammalian circulatory system. We have analysed the role of the EC specific receptor tyrosine 

kinase T E  in the mouse vasculature. Mouse embryos homozygous for a disrupted Tie allele 

developed severe edema, their microvasculature was ruptured and they died between days 13.5 

and 14.5 of gestation. The major blood vessels of the homozygous embryos appeared normal. 

Celis lacking a functional Tie gene were unable to contribute to the adult kidney endothelium in 

c himeric anirnals, further demonstrating the inuinsic requirement for TE in ECs. We conclude 

that T E  is required during ernbryonic development for the integrity and survival of vascular 

ECs, particularly in the regions undergoing angiogenic growth of capillaries. TIE is not 

essential, however, for vasculogenesis, the early differentiation of ECs. 



INTRODUCTION 

The embryonic cardiovascular system is the first organ system to form during 

development in order to accomodate the metabolic needs of growing tissue. Perhaps due to this 

fundamental importance for the vertebrate embryo, no naturaliy occurring mutations affecting 

the development of the vasculature are known. ECs differentiate early in embryogenesis and 

play an essential role in mediating the characteristic pattern of formation of the vasculature 

(Noden, 199 1 ; Poole and Coffin, 199 1 ; Risau, 199 1). However, the intercellular signals 

regulating the differentiation and growth of embryonic ECs have remained elusive. 

Two distinct cellular processes have been observed to mediate blood vesse1 formation 

during avian and mammalian embryogenesis. The in situ differentiation of mesodermally 

denved EC precursors, the angioblasts, and their assembly into vascular channels is referred to 

as vasculogenesis. Interaction of mesoderm with adjacent endoderm has been suggested to be 

important for angioblast differentiation (Pardanaud et al., 1989). The larger vascular structures 

of the embryo, including the heart endocardium and the major blood vessels such as the dorsal 

aorta, arise by this process (Pardanaud et al., 1987; Coffrn and Poole, 1988; Coffin et aI., 

199 1). In contrast, the vascularization of many organs, especially ones lacking an endodermal 

component such as the brain and kidney, as well as the formation of the smaller vessels and the 

microvasculature occurs by the process of angiogenesis, the proliferation of pre-existing ECs 

to expand the vascular network (Stewart and Wiley, 198 1 ; Sariola et al., 1984; Pardanaud et 

al., 1989). 

The biochemical mechanisms that regulate the processes of vasculogenesis and 

angiogenesis during development are not well understood and the rnolecules that are 

responsible for the formation of the vasculature by these two processes are only beginning to 

be defined. The identification of hvo subfamilies of mamrnalian receptor tyrosine kinases 

(RTKs) whose expression is virtually restricted to ECs and their precursors has provided a 

novel entry point to the genetic investigation of marnrnalian vasculogenesis and angiogenesis 

(Mustonen and Alitaio, 1995). These RTKs consist of the members of the vascular endotheliai 

ce11 growth factor (VEGF) receptor family, namely VEGFR- L (KT-  1 ), VEGFR-2 (FLK- 1) 

and VEGFR-3 (FLT-4) as well as the TEK (TE-2) and T E  (TE-1) receptors. Mutationai 
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analyses of TEK, FLT-1 and FLK-1 have indicated that these receptors play critical roles in 

vascular development (Dumont et al., 1994; Fong et al., 1995; Shalaby et al., 1995). 

We have here focused on the in vivo function of the receptor tyrosine kinase TIE ( a h  

known as TE-1; Partanen et al., 1992; Iwarna et al., 1993; Maisonpierre et al., 1993; Sato et 

al., 1993), the ligand of which remains to be identified. The Tie gene is expressed specifically 

in ECs and their precursors during embryonic development (Korhonen et al., 1994), as well as 

in some hematopoietic ce11 lineages (Partanen et al., 1992; Armstrong et al., 1993; Iwama et 

al., 1993). Suggestive of a role in EC proliferation, upregulation of Tie expression has been 

observed dunng wound heallng and ovarian foliicIe maturation (Korhonen et al., 1992) as well 

as tumor angiogenesis (Hatva et al., 1994; Kaipainen et ai., 1994), processes which involve 

growth of new capillaries. However, Tie is also expressed in most of the nonproliferating adult 

endothelium (unpublished data). 

To investigate the role of TIE in the development and function of ECs, we generated 

mice carrying a germ-line mutation in the Tie locus by gene targeting in ES cells. The analysis 

of these mutants indicated that T E  is not required for the differentiation of the EC lineage but is 

essential later for the maintenance of the rnicrovasculature. 

MATERIALS AND METHODS 

Construction of the targeting vector 

Murine (strain 129Sv) genornic clones flanking the signal sequence (ss) and first Ig 

domain (Igl) exons of the Tie gene (Korhonen et al., 1994) were used to generate the targeting 

vector pPNT-TE-LACZ. A 4.5 kb EcoRI-ApaI fragment containing 5' flanking and 5' 

untranslated sequences was fused to the bacterial lac2 gene and cloned as the 5' arm into a 

modified pPNT vector having loxP sites flanking the neo gene (Shalaby et al., 1995). A 3 kb 

BamHI fragment containing half of the signal sequence exon and sequences from the first 

intron was used as the 3' arm of the targeting vector. 

Generation of tielcz /+ ES cells and tielcz rnice 

The pPNT-TIE-LAC2 targeting vector (400 pg) was electroporated into 5X 107 R1 ES 
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cells (Nagy et al., 1993) using a Bio-Rad gene pulser set at 250V, 500p.F and plated on culture 

dishes coated with 0.1% gelatin. Cells were cultured for 7 days in positive-negative selection 

media containing G418 (150 pglml) and gancyclovir (2.2 pM). Addition of gancyclovir to the 

culture conditions resulted in an eight-fold enrichment factor for homologous recombination 

events. Surviving colonies were isolated, trypsinized and replated ont0 96-well plates coated 

with O. 1% gelatin. Southern blot analysis was perforrned on DNA punfied from 55 colonies 

using the 3' probe (Fig. lA). Seven ES ce11 clones were found to contain targeted events at the 

Tie locus (tielcz /+), giving a targeting frequency of approximately 1/8. These clones were 

subjected to Southern analysis using the 5' probe to confirm the targeting events. 

Rearrangements in the vicinity of the Tie locus were not detected. Two independent clones 

(1C4 and 1 Ag) were aggregated to CD- 1 blastomeres (Wood et al., 1993) and transferred to 

foster mothers to generate severai strong chimeras, which were mated to CD-1 mice. Chimeras 

from both lines transrnitted the mutation through the germ line, giving rise to two independent 

mouse lines. 

Generation of tielczn- /+ and tielcz /tielczn- ES cells 

One of the tieicz /+ ES ce11 lines (1C4; 5 x 1 0 ~  cells) was electroporated with 40 pg of 

pBS 185 expression vector encoding the Cre recombinase of bacteriophage Pl (Sauer, 1993). 

The electroporated cells were plated on mouse embryonic fibroblast feeder cells at low density 

and random ES ce11 colonies were picked after 7 days in culture. The Cre mediated 

recombination events between the two loxP sites around the neo gene were screened by 

Southem blotting using a lac2 probe and NcoI digest (Fig. 1). Correctly recombined tiel~z>~- /+ 

ES ce11 Lines were obtained with a frequency 5/44. 

The tielczn- /+ ES ce11 lines were retargeted with the pPNT-TE-LAC2 vector as 

described above to obtain twotiel" Itiekzn- ES ce11 lines. Untargeted tielczn- /+ ES ce11 lines 

which had undergone the same selection procedure were saved as control lines. 



Genotyping of progeny 

To identiQ mice containing the tielcz allele, Southem blot analysis was perfomed on 

genomic DNA purified from tail biopsies of three to four week old mice, and from the yolk 

sacs of mouse ernbryos. 

Whole-mount R-galactosidase staining of embryos and tissues 

Embryos or kidney samples to be stained were dissected in PBS, fixed in 0.2% 

gluteraldehyde, 4% formaldehyde, 2mM MgCI2,5rnM EGTA in lOOmM phosphate buffer at 

room temperature for 60 to 90 minutes depending on the size, and then washed three times at 

room temperature in wash buffer (100rnM phosphate buffer plus 0.02% NP-40, 0.01% 

deoxycholate, and 2mM MgC12) for 20 minutes each. Sarnples were then stained in X- 

gai, 5mM K3Fe(CN)6, 5mM %Fe(CN)6 2mM MgC12, 0.02%NP-40 and 0.01% 

deoxycholate in lOOrnM phosphate buffer at room temperature for 12 to 18 hours (kidney 

samples up to 48 hours). Following Lac2 staining, samples were washed at 4 0 ~  in the above 

wash buffer ovemight, followed by fixation in 10% formalin ovemight. Fixed embryos were 

dehydrated through graded ethanols and embedded in paraffin. Sections were cut at 5 mm, 

mounted ont0 glass slides, dewaxed and stained with nuclear fast red. 

Chimeric anaIysis 

The tiel~z /tielcz"- and tielc~n- /+ ES ce11 lines (GPI-laa) were aggregated with CD-1 

( ~ ~ 1 - l b b )  embryos using the morula aggregation techique (Wood et al., 1993) and the 

aggregates were transferred into uten of CD-1 foster mothers. Sarnples of the tails of resulting 

adult tielc' /tiel~m- /CD- 1 and tielczn- /+/CD- 1 chimeras were taken for Southen blot analysis, 

and the kidneys were used for staining for B-galactosidase activity. 

RESULTS 

Generation of embryonic stem cells and mice lacking a functional Tie gene 

To analyze the biologicd role of munne T E ,  a mutation in the Tie gene was generated 

by gene targeting in embryonic stem (ES) cells using the positive-negative selection strategy 
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(Mansour et al., 1988). The targeting vector was designed so that a homologous recombination 

event places the bacterial gene encoding 8-galactosidase ( l a d )  under the control of the 

transcriptional regulatory sequences of Tie and deletes the begiming of the T E  protein coding 

region (Fig. 1A). Furthemore, because the splice donor site of the signai sequence encoding 

exon of the Tie gene is retained in the targeted aiiele, any putative transcripts derived frorn this 

ailele would be processed into a form where the protein coding region of Tie would not be in 

an open reading frame, thus generating a predicted null allele, t i e k  We included the IacZ gene 

in Our targeting construct in order to easily follow the in vivo pattern of Tie gene expression 

and the fate of ECs either hetero- or homozygous for the mutation. R1 ES cells (Nagy et al., 

1993) were electroporated with the vector described above, and several correctly targeted ES 

ce11 lines were obtained after screening of G418-GANC doubly resistant coIonies by Southern 

blotting using external probes (data not shown). Two independent ES ce11 lines (1C4 and 1A9) 

were used to make CD- 1 aggregation chimeras (Wood et al., 1993), which passed the tielc- 

allele into the germ line. Most of the analyses described below were performed with the 1C4 

derived rnouse line but identical results were obtained with the lA9 derived line. tielcz 

heterozygous rnice appeared phenotypically normal. Genotyping of a Iitter of an F1 intercross 

at E13.5 is shown in Fig 1B. 

Tie gene regulatory sequences drive endothelia1 ceIl specific reporter gene 

expression throughout embryonic developrnent 

Using B-galactosidase activity as a marker for the expression of the endogenous Tie 

gene in tielcz heterozygous rnice, we confirmed that Tie is first expressed in vascular structures 

at E8.0 of gestation after the formation of yolk sac blood islands (data not shown; Dumont et 

al., 1995; Korhonen et al., 1994) and by E8.5 (Fig. 2A) B-galactosidase staining was clearly 

observed in the heart, paired dorsal aortae and allantois but only weakly in the extraembryonic 

yolk sac membrane.Similarly, by midgestation at E9.5- 10.0 (Fig. 2B), 8-galactosidase stained 

tissues included the heart, major blood vessels such as the dorsal aorta, intersornitic vessels, as 

well as the smaller vessels that penetrate the head region. Later during the development of the 

tielcz heterozygous mice, B-galactosidase continued to be expressed in virtually al1 ECs of the 
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Figure 1. Gene targeting of the murine fie locus. (A) Targeting strategy. The 
homologous recombination event deletes the start of the protein coding region of the Tie gene, 
placing the ZacZ gene under the controt of the Tie promoter. The LoxP sites around the neo gene 
were included for the subsequent Cre recombinase mediated excision of this selectable gene, 
allowing retargeting of the cells. (B) Genotyping of a litter of a F1 intercross at E13.5. 
Expected lengths of EcoRI fragments hybndizing with 3' probe: 9 kb (wt) and 4 kb (targeted). 
+/+, wild type; +/-, ti& heterozygote; -/-, tiel" homozygote. ( C )  Generation of the fielc' 
/tie[cm- ES cells. The neo gene was excised from the tiefc~ /+ ES ce11 line 1C4 by transient Cre 
recombinase expression (Sauer, 1993). Cre mediated excision events were screened by 
Southem blotting using NcoI digestion and lac2 probe (data not shown). The resulting G418 
sensitive ce11 lines were re-electroporated with the Tie targeting vector and clones were 
screened with 3' and 5' external probes using EcoRI and EcoRV digests, respectively. 
Expected lengths of EcoRI fragments hybridizing with the 3' probe: 9 kb (wt) and 4 kb 
(targeted). Expected lengths of EcoRV fragments hybridizing with the 5' probe: 19 kb (wt) and 
L 1 kb (targeted). Clones L and 4 are tie'cz /tie[~m- ; clone 6, tielcz l+; clone IO , tiekz- /+ 
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Figure 2. The Tie promoter-driven fi-galactosidase expression pattern and the 
analysis of the phenotype of tielcz homozygote animals. (A) Tie expression, as 
assayed by staining for B-galatosidase activity, was detected at the early somite stage (E8.5) of 
embryonic gestation in the developing heart, paired dorsal aortae, allantois (B). At E9.5, most 
vascular structures of the embryo proper stain positively for B-galactosidase. (C).  Para-sagittal 
section of E 13.0 tielcz heterozygous (+/-) embryo. 8-galactosidase activity corresponds to cells 
of the endothelial lineage lining blood vessels and the heart. (D). tiefcz homozygous (-/-) 
littermate to embryo in C shows no visible morphological differences and an identical II- 
galatosidase staining pattern. (E). unstained tiefcz heterozygous (+/-) embryo at E. 13.5 
compared to (F). tielcz homozygous (4) littermate which shows localized hemorrhaging 
distributed over the body surface. (G). Section of the rnidbrain region showing the 
leptomeninges of a E13.5 tiefcz heterozygous (+/-) embryo stained for B-galactosidase. (m. A 
corresponding region of a t i e k  homozygous (4) embryo at E 13.5 showing loss of endothelial 
ce11 integrity and a local hemorrhage. A marked reduction in staining in the rnicrovasculature 
proximal to the hemorrhage is observed. (1). unstained wild type (+/+) and tiefcz hornozygous 
(4) embryos at E. 14.5 demonstrating the severe hemorrhage and abdominal edema of tiefcz 
homozygote embryos at this stage. Bar: 100pm 
Abbreviations: Li, liver; Lu, lung; A, heart 
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embryo proper, as demonstrated in a section of an E 13.0 tiela heterozygous embryo (Fig. 2C). 

Thus, the pattern of B-galactosidase activity in tielcz heterozygotes accurately reflected the 

expression of the endogenous Tie gene as previously detected by RNA in situ hybridization 

(Korhonen et al., 1994). 

Mice lacking TIE lose endothelial ce11 integrity and die at midgestation 

In order to determine the consequence of homozygosity for the tiefcz allele, t i e [ c ~  

heterozygous rnice were intercrossed and analysed for their Tie genotype and for any 

phenotypic abnonnalities. Al1 neonates were healthy and survived to weaning (Table 1). No 

t i e k  homozygous animals were found in the F2 generation, indicating that homozygosity for 

the targeted mutation at the Tie locus was lethal during embryogenesis. 

Anaiysis of litters of F1 intercrosses at midgestation demonstrated that until E 13 .O there 

were no visible phenotypic differences between tielcz homozygotes and their heterozygous 

littermates (Table 1). Al1 genotypicaily homozygous embryos had formed a functioning 

vascular system by this stage as demonstrated by comparing the B-galactosidase staining 

profiles of tielcz homozygous and heterozygous embryos (Fig.2C. D). In contrast, by E13.5 of 

gestation, al1 tielcz hornozygous embryos manifested smail hemorrhages distnbuted throughout 

the body surface (Fig. 2E, F). Histological analysis of B-galactosidase stained ernbryos at 

E13.5 revealed that, except at the sites of vascular hemorrhage, there were no gross 

morphologicai differences between rielcz homozygotes and their heterozygous littermates. Most 

large vessels of the riefez homozygotes showed û-galactosidase staining and appeared normal 

(data not shown). In contrast, diminished staining was observed in the microvasculature of 

rielcz homozygous embryos when compared to heterozygous littermates, suggesting that the 

condition of the mutant endothelium was somehow cornpromised by the absence of TIE at this 

stage. The lack of staining was often associated with breakdown of the vessels and hemorrhage 

as shown in a view of the meningeal Iayer of the midbrain (Fig 2G,H). By Day 14.5 of 

gestation, dl homozygous mutant embryos had died exhibiting extensive hemorrhage and 

abdominal edema (Fig. 21, Table 1). 



TabIe 1 tie1cz homozygotes die before El55 of gestation 

develo~rnentai stage totd # live animds -1- +/- +/+ 
Ef 2.5 59 10 37 12 

E15.5 47 O 28 19 

F2 w e d n g s  64 O 40 24 



Cells lacking TIE do not contribute to the endothelium of adult kidney 

To further analyze the fate of ECs lacking T I .  function, we analysed the ability of ES 

cells with both Tie alleles mutated (tieic' hie1"*-) to contribute to various ce11 lineages, 

including the endoîheiium, in chirneras with wild type embryos. The homozygous tielc~ 1 t i e ~ ~ 3 ~ -  

ES cells were isolated by the double targeting strategy described in Fig. 1. Completely tielc~ 

ltielcu2- ES ceLi derived embryos produced by aggregation with tetraploid embryos (Nagy et al., 

1993) displayed the identicai phenotype of tiefcz homozygotes described above demonstrating 

the unimpaired developmental potential of the cells (data not shown). In chimeras with 

tetraploid embryos, the embryo proper is largely derived from the diploid donor ES cells while 

the extraembryonic structures are mostly derived from the tetraploid host. Thus, this result 

demonstrates that extraembryonic tissues containing a wild type Tie gene cannot rescue the 

phenotype of tieicz ltielcm- embryos. 

In order to analyze the ability of the tielcz /tiefczn- ES cells to contribute to the adult 

endothelium, diploid chirneras were made between these cells and CD-1 morula stage ernbryos 

(Wood et al., 1993). As a control, chimeras were also made with a tieicm- /+ heterozygous ES 

ce11 line. Adult kidney tissues were chosen for the analysis of the chimeras because of their 

stronp endothelid-specific staining and low background. The amount of ES ce11 derived tissue 

in the anaiyzed chirneras was approximately 50%, as judged by coat colour and Southern blot 

analysis (Fig. 3). Samples of tieicz l~ie 'c~n- <->CD-1 (n=3) and tielczn- /+<-,CD-1 (n=2) 

chimeras, as well as tielcz heterozygous mice (n=3), were stained for B-gdactosidase activity to 

identify ECs derived from either tieicz /tiefc~z- or tieiczn- /+ ES cells. Staining was detected in 

the ECs of the glorneruli and other kidney vasculature of the tiekz heterozygous mice and 

tielcx- /+<->CD-I chirneras (Fig. 4A, B). In contrast, staining of ECs was not detected in the 

tielcz /tielc=- <->CD- 1 chimeras (Fig. 4C), despite the strong contribution of tielcz /rieic;*- cells 

to various other non-endothelial ce11 types in different organs (data not shown) 



Digestion: 

Probe: 

- 9 kb (wt) 

- 4 kb (targeted) 

Figure 3. Southern blot analysis of  t ielcz  l t ie lczn- c-> C D -  l a n d  tielczn- /+ 
<->CD-1 chimeras. Tai1 DNA samples of tielczn- /+/CD- 1 (+/- chimera), tiefcz ltielcin- /CD-  
1 (-/- chimera) chimeras used for the analysis in Fig. 4, as well as wild type (+/+) and tielcz 
heterozygous (+/-) mice were analysed using EcoRI digestion and the 3' probe described in 
Fig. 1. Both chimeras are approximately 50% ES ce11 derived. Note that tielcz /+ ES cells 
contribute one copy of the targeted allele whereas tielcz /tielcm- ceiIs contributed two copies 



Figure 4. t i e lcz  l t i e l c ~ n -  ES cells are unable to contribute to the endothelial 
cells of adult kidney. B-galactosidase staining of kidney of (A).  tierci heterozygous 
animal, (B). tielczn- <->+/CD- 1 c himera, (C) .  t i e l c~  /tiekzn- <->CD- 1 chimera. tielczn- /+ 
(clone 10) or tielcz ltielcv- (clone 1 )  ES cells were aggregated with C D 4  embryos and adult 
chimeras were analyzed for ES ce11 contibution to the endothelium by B-galactosidase staining. 
The extent of chimerkm in tie[cz/+/CD-land tielcz /rierczn- /CD- 1 chimeras was approximately 
the same (50%) as judged by the coat colour and Southern blot analysis (Fig. 3). Interestingly, 
a few intensely staining nonendothelid cells were detected in the capsule of some glomeruli in 
al1 of the sarnples. The identity of these cells was not analyzed further. Scale bar: 100pm; 
arrows: arterioles 
Abbreviation: G, glomerulus 
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DISCUSSION 

Knowledge about EC biology is crucial for understanding the development of 

vertebrate circulatory system. In this study, we have employed a targeted mutagenesis strategy 

to analyze the biological role of TE, an EC specific orphan receptor potentiaiiy regulating EC 

differentiation, proliferation or survival. Mice lacking a functionai Tie gene develop an 

apparently normal vascular network and appear phenotypically indishtinquishable from their 

heterozygous littermates until E 13.0. Thus, T E  is not required for the early differentiation of 

the EC lineage despite its expression in EC precursors, the angioblasts. Also, TIE appean 

dispensable for the early angiogenic processes. After E13.0, the major blood vessels still 

appear n o m d  in the hornozygous mutants, but the integrity of the mîcrovasculature is Iost and 

the embryos die within a strikingly short tirne-period. Therefore, TE appears to be required for 

the survival or pro!iferation of rnicrovascular ECs and thus for the later angiogenic growth of 

capillaries. 

The EC specific function of TE is further underlined by the chimeric analysis using ES 

cells lacking a functional Tie gene. These cells were unable to contribute to the vasculature of 

adult kidney demonstrating the cell-autonomous requirement for T E  in vascular endothelium, 

which c a n o t  be bypassed by the presence of wild type environment. Because ECs survive 

until E13.0 in tiefcz hornozygous embryos, the defect Ieading to their elimination in tielcz 

/fiel"- <->CD-1 chimeras likely takes place later in gestation either by ce11 death or 

cornpetitive proliferation of wild type cells. The kidney is vascularized by angiogenic process 

fairly late during embryonic development (Sariola et al., 1984), which is consistent with T E  

having a role in EC survival or growth during capillary sprouting. However, in a cornpetitive 

situation, the tielcz ltielcm- celis might be at a disadvantage already at earlier stages of angioblast 

differentiation. Resolution of this issue will require a time course study of chimeric embryos. 

Recent isolation and mutational analyses of EC specific RTK genes has greatly 

expanded our understanding of the development of this ce11 lineage. The two known receptors 

for vascular endothelid ce1 growth factor, FLK- 1 and FLT- 1 (deVries et al., 1992; Millauer et 

al., 1993), are expressed very early during EC development and indeed are the first known 

markers of differentiating EC precursors, the angioblasts (Dumont et al., 1995; Yamaguchi et 
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al., 1993). Targeted disruption of the Flk-I gene results in the complete lack of both mature 

ECs as well as hematopoietic ceiis (Shalaby et ai., 1995), supporting the theory that these two 

ce11 lineages share a common progenitor, the hemangioblast (Wagner, L980), and suggesting 

an absolute requirement for Flk-I in these ceils. In contrast, FLt-I is not required for EC 

differentiation, but rnight play a regulative role in this process and is needed for the correct 

assernbly of ECs into vessels (Fong et al., 1995). It thus appears that VEGF is a major signal 

for vasculogenesis, possibly derived frorn the endoderm (Dumont et al., 1995). 

Whereas Flk-l and Fit-I regulate eady vascular development, Tie and its closely related 

family member Tek (also known as Tie-2; Dumont et al., 1992; Iwama et al., 1993; Sato et al., 

1993; Schnürch and Risau, 1993) are expressed somewhat later dunng EC differentiation 

(Korhonen et al., 1994; Dumont et al., 1995). The phenotype of tielcz homozygous rnice 

together with chimeric analysis suggest that Tie is required for the later maintenance andor  

proliferation of vascular ECs, but not for their early differentiation. Interestingly, the Tie 

mutant embryos resemble the phenotype of the Tek mutants, which die around E9.5, showing 

EC deficiency and severe hemorrhage (Dumont et al., 1994). The later onset of the Tie 

phenotype is consistent with its slightly later onset of expression relative to Tek. Moreover, 

whereas Tie expression persists in most of the adult endothelium (Korhonen et al., 1995 and 

unpublished), Tek expression is downregulated during late embryonic development (Schnürch 

and Risau, 1993). Whether the downregulation of Tek is coincident with the onset of the 

vascular defect in the Tie mutant ernbryos remains to be elucidated. The continued expression 

of Tie and its possible role in the su~ivaVproliferation of ECs suggest that T E  and its 

Iigand(s) may also be key factors in modulating human EC biology in several pathologicat 

situations (Foikman, 1995). 
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CHAPTER 3 

Ce11 autonomous functions of the receptor tyrosine kinase TIE in a late phase of 
angiogenic capiliary growth and endothelial ce11 survival during murine 
development 

This chapter is a version of the following publication: 

Partanen, J., Puri, M.C., Schwartz, L., Fischer, K.-D-, Bernstein, A., and Rossant, J. (1996) 

Ce11 autonomous functions of the receptor tyrosine TIE in a late phase of angiogenic capillary 

growth and endothelial ce11 survival during rnurine development. Development 122,30 13-302 1. 



SUMMARY 

TIE is a receptor tyrosine kinase expressed in both mature endothelid ceils (ECs) and their 

precursors as weU as in some hematopoietic cells. Mouse embryos homozygous for a disrupted Tie 

allele die at midgestation due to impaired EC integrity and resulting hemorrhage. Here we have 

performed chimenc analysis to study further the function of murine TIE in the development of the 

embryonic vasculature and in the hematopoietic system. Cells lacking a functional Tie gene 

( t i e b t i e l c z n -  cells) contributed to the embryonic vasculature at E10.5 as efficiently as cells 

heterozygous for a targeted Tie allele (tieici/+ ceils). Thus, T E  does not play a significant role in 

vasculogenesis or in early angiogenic processes, such as formation of the intersornitic artenes and 

lirnb bud vascularization. At E 15.5 tiektielczn- cells stiu readily contributed to major blood vessels 

and to ECs of organs such as lung and heart which have been suggested to be vascularized by 

angioblast differentiation. In contrast, the t i e k t i & ~ -  cells were selected against in the capillary 

plexi of several angiogenically vascularized tissues such as brain and kidney. Our results thus 

support a role for T E  in late phases of angiogenesis but not vasculogenesis. Furthemore, the 

results suggest that difTerent mechanisms regulate early and late angiogenesis and provide support 

for a mode1 of differential organ vascularization by vasculogenic or angiogenic processes. Analysis 

of adult chimeras suggested that T B  is required to support the survival or proliferation of certain 

types of ECs, demonstrating heterogeneity in the growthlsurvival factor requirements in various 

EC populations. 

Chimeric analysis of adult hematopoietic ce11 populations, including penpheral platelets and 

bone marrow progenitor cells, revealed that t i e k t i e l ~ z n -  cells were able to contribute to these ce11 

types in a manner indistinguishable from t ielc~/+ or wild type cells. Thus the primary function of 

TIE appears to be restricted to the EC lineage. 



INTRODUCTION 

The development of the vertebrate embryonic circulatory system begins soon after 

mesoderrnal cells emerge from the primitive streak. Cell clusters, called blood islands are formed 

extraembryonically in the yolk sac mesoderm possibly in response to an endoderm derived signal 

(Wilt, 1965). Within these clusters, differentiation of vaçcular endothelial cells (ECs) is closely 

linked to the appearance of primitive hematopoietic cells and thus these two lineages have been 

suggested to share a common ancestor, the hemangioblast (Sabin, 1920; Murray, 1932). 

Simultaneously, EC precursors called angioblasts differentiate in the mesoderm of the embryo 

proper. The angioblasts differentiate either in siru or after directed migration into EC cords 

(Pardanaud et al., 1987; Coffin and Poole, 1988; Coffin et al., 1991). The early vasculature 

including the dorsal aortae and cardinal veins as well as heart endocardium is formed by this de 

novo mechanism which has been termed vasculogenesis. Intraembryonic vasculogenesis is 

generally not accompanied by hematopoiesis. An exception is the para-aortic region which is a rich 

source of hematopoietic stem ce11 activity and might harbor the precursors of the definitive 

hematopoietic system (Godin et al., 1993; Medvinsky et al., 1993 Godin et al., 1995). 

The early vascular tree is expanded by EC migration and proliferation resulting in vesse1 

sprouting, a process termed angiogenesis. The intersomitic arteries, the limb bud vasculature as 

well as the vasculature of several organs including the brain and kidney are thought to be formed 

by this mechanism as suggested by morphological studies and avian interspecies organ 

transplantation studies (Coffin and Poole, 1988; Jotereau and LeDouarin, 1978; Stewart and 

Wiley, 198 1 ; Pardanaud et al., 1989; Sariola et al., 1983; Ekblom et al., 1982). However 

vasculogenesis has still been observed avian organogenesis, especially in endoderm containing 

rudiments such as Iung Liver, pancreas and intestine (Pardanaud et al.. 1989). In the adult, most of 

the endothehm is in a quiescent state and the rernaining vascularization in the fernale reproductive 

system and during wound heaiing or tumorigenesis occurs by angiogenic growth of capillaries. 

Isolation and mutation of receptor tyrosine kinases (RTKs) expressed in ECs has recently 

provided insight into the intercellular molecular rnechanisms regulating murine vasculogenesis and 

angiogenesis. The receptors for the vascular endothelial growth factor (VEGF) farnily, narnely 

VEGFR-1 (FLT-l), VEGFR-2 (F'LK-1) and VEGFR-3 (KT-4) as well as the receptors TEK 
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(TIE2) and T E  (TIEl) (for review see Mustonen and ALitalo, 1995)- are expressed in succession 

in angioblasts and mature ECs (Dumont et al., 1995). Disruption of signalling through VEGFR-2 

in mouse embryos leads to a block in angioblast/hemangioblast differentiation and no mature ECs 

or hematopoietic celis are formed (Shalaby et al., 1995). In contrast, hornozygosity for a mutation 

in VEGFR-1 results in strikingly abundant EC differentiation, and failure in the correct assembly 

of the vessel endothehm (Fong et al., 1995). Thus an interplay between the two VEGF receptors 

appears to be required for controlled early vascular development. In addition to their role in 

embryonic vasculogenesis, VEGF and its receptors are involved in angiogenic growth, both during 

embryonic development and in tumour vascularizâtion (Millauer et al., 1994; Dumont et ai., 1995; 

Flamme et al., 1995; Shweiki et al., 1992). Embryos homozygous for a disrupted allele of Tek 

show abnomal development of the heart and vasculature and die around E9.5 (Dumont et al., 

1994; Sato et al., 1995). In Tek mutant embryos ECs initiaily form but their survival and 

proliferation are affected resulting in deficient early angiogenesis. 

We and others have previously analysed the phenotypic effect of a nuIl mutation in the 

murine Tek related gene Tie (Puri et al., 1995; Sato et al., 1995). In contrast to the early lethality of 

Tek mutant embryos, embryos homozygous for a Tie mutation appear to be normal until E l 3 5  

Thereafter, the embryos display edema and localized hernorrhage presumably due to impaired 

survival and integrity of capillary ECs. As a result, the majority of the mutant embryos die before 

E 15.5. A cell-autonomous requirernent for Tie in ECs of the adult kidney was demonstrated by 

chimeric analysis using embryonic stem (ES) ceil lines with both Tie alleles disrupted (Puri et al., 

2995). We have here performed a detailed chimeric analysis of T E  function in the embryonic and 

adult vasculature. Our results show that in contrast to VEGFR-2, VEGFR- 1, and TEK, T E  does 

not play a significant roie in angioblast differentiation or early angiogenic vessel growth, but 

supports later angiogenesis. The results also indicate that there is heterogeneity in the requirement 

for T E  in various EC populations and support the concept of differentiai organ vascuIarization, 

fmt suggested by the avian transplantation chimera experiments (Pardanaud et al., 1989). 

TIE is also expressed in sorne hematopoietic ce11 lineages including several human 

megakaryoblastic leukemia ce11 lines (Armstrong et al., 1993; Hashiyarna et al., 1996; Partanen et 

al., 1990). Human and murine hematopoietic stem cells have also been suggested to express T E  in 
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vivo (Batard et al., 1996; Hashiyama et al., 1996; Iwama et al., 1993). However, using chimeric 

mice, we could detect no functional consequence of the loss of TIE in hematopoietic cell lineages. 

MATERIALS AND METHODS 

Generation of chimeras 

The generation of the tielc~ and tielczn- alleles has been described previously (Puri et al., 

1995). Briefly, the tielcz allele was created by homologous recombination events placing the 

bacterial lac2 gene under the control of the Tie promoter. The tieZfzn- allele was derived from tielc~ 

by rernoving the neo gene following l a d  by Cre mediated recombination. The tielVtieLzn- and 

tie1c~ /+ ES ce11 lines (glucose phosphate isomerase- 1 isotype aa, GPI- Pa )  were aggregated with 

CD- 1 (GPI- lm) or CD- 1 (GPI- lbb) embryos using the morula aggregation technique (Wood et al., 

1993) and the aggregates were transferred into the uteri of CD- 1 foster mothers (Fig. 1A). 

In another set of experiments, both the tielc~ and tielcm- alleles were transmitted through the 

germline by a tielcz/tielczn- <-> CD-1 chirnera. This allowed us to rnake chimeras using an 

embryo c-> embryo aggregation strategy (Fig. 1B). Morula stage embryos from tielcz /+(GPI- 

P a )  X tielczn- /+(GPI-1") rnatings were aggregated with morula stage CD- 1 (GPI- lbb) embryos 

as described above. The yolk sac or tail DNA samples of the resulting chimeras were analysed by 

Southern blotting for the presence of tiezcz or tiezcm- alleles (Puri et al., 1995). Sarnples from the 

tail or various other tissues of the chimeras were used for detennination of the extent of chimensm 

by GPI- 1 isozyme analysis. 

P-galactosidase staining of chimeric embryos and tissues 

Embryos or tissue sarnples to be stained were dissected in cold PBS and were fixed in 

0.25%gluteraldeyde and 1.5% fomaidehyde, 2rnM MgC12, 5mM EGTA in lOOrnM phosphate 

buffer for 30 to 90 minutes depending on the size. The E12.5 and E 15.5 embryos were cut in half 

30 minutes from the beginning of fixation and fixation was continued for a further 30 to 45 

minutes. Embryos and tissues were washed in three times at room temperature in wash buffer 

(0.02% NP-40, 0.01% deoxycholate, 2mM MgCl2 in l O O m M  phosphate buffer) for 20 minutes 

each. Sarnples were stained in lmg/rd X-gai (Biosynth AG) 5rnMK3Fe(CN)6,5mM K@e(CN)6 
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dissolved in wash buffer at room temperature for 1848 hours. Fotlowing P-galactosidase staining, 

samples were washed ovemight in wash buffer at 40C, and subsequenly stored in 3.7% 

formaldehyde. Fixed embryos and tissues were dehydrated through a graded ethanol series, 

embedded in paraffin, sectioned at 5-lOmm, rnounted ont0 glass slides, dewaxed and 

counterstained with Nuclear Fast Red (Sigma). 

Isolation of platelets and bone marrow hematopoietic colony assays 

After cervical dislocation of adult chimeras, 0.5-1 mL of peripheral blood sarnples were 

taken from the heart and diluted with one volume of Rossi's buffer (140m.M NaCI, 5mM glucose. 

7mM citric acid pH6.5). The samples were repeatedly centrifuged at 160g for 2 minutes until no 

red blood cells were pelleted and the platelets were collected by centrifugation at 2000g . The 

platelets were washed once in Rossi's buffer and their purity was checked under the microscope. 

Splenocytes and thymocytes were also collected and red blood cells were lysed from the 

preparations by incubation in O. 16M ammonium chloride. 

Hematopoietic colony assays were performed on single ce11 suspensions of bone marrow 

from chimenc mice. In brief, 2x105 cells were plated on 1SmL of 0.9% methylcellulose (Terry 

Fox Laboratories) in IMDM (Gibco) supplemented with 25WFCS (Hyclone), 2% IL-3 conditioned 

medium (Karasuyama and Melchers, 1988), muEpo (2.5UIm1, Boeringer) and monothiog1ycerol 

(4.5~10-4 M) and incubated in a humidified CO2 atmosphere at 37°C. After 8-10 days colonies 

were pooled, washed with PBS and subjected to GPI-1 analysis. 

Glucose phosphate isornerase-1 isozyme analysis 

Sarnples from different hematopoietic ce11 populations and other tissues as well as tail 

sarnples of chimeric embryos were freeze-thawed and diluted in water for GPI-1 isoenzyme 

analysis. The sarnples were run on cellulose acetate plates (Helena Laboratories) and the colour 

reaction was performed as described (Nagy and Rossant, 1993). 



RESULTS 

tielcz /tietczn- cells contribute normally to the embryonic vasculature at E10.5 

To analyse the function of TIE during early vascularization, rieZcz /tie[cm- <->CD- 1 and 

tielW+ <->CD- 1 chimeras were generated by ES cell- morula aggregation technique (Fig 1A) 

and analysed at E10.5. The presence of the 1acZ gene in the Tie locus aLlowed us to identify tielcz 

/tielc~l- or t iek/+ cell-derived ECs by B-galactosidase staining (Puri et al., 1995). At this stage of 

development there was no apparent difference in the ability of the tielc~ /tieiczn- or tielc/+ cells to 

contribute to the embryonic endothelium (Fig. 2A, B) including intersornitic arteries as well as 

capillaries of the 1imb buds (Fig. 2C,D). As determined by GPI-1 isozyrne analysis of taii samples 

of the embryos both chirneras shown in Fig. 2A-D were approximately 70% ES-ce11 derived (Fig 

1 C ) .  

t ie lcz / t ie lczn-  cells are significantly underrepresented in capillaries undergoing 

angiogenic growth at E15.5 

In more advanced ES cell-morula aggregation chimeras analysed at E 15.5 the tielcVtielczn- 

cells still readily contributed to the endothelium of major vessels such as aorta and intercostal 

arteries as well as to the endothelia of the heart and Iung (Fig 2E,F). In contrast, there was a 

marked reduction in P-galactosidase-expressing ECs in several capillary plexuses including 

capillaries in the midbrain, intercostal area, skin and the intestine of the tiebtielczn- <->CD- 1 

(n=4) chimeras compared to corresponding ti&V+ <->CD1 (n=4) chimeras (Figs. 2E,F, 3C- 

H). The first signs of selection against tieicz/tieic~n- cells in the midbrain capillaries were present 

already at E12.5 (Fig 3A,B). Al1 the E12.5 and E15.5 chimeras shown in Figs. 2 and 3 were 

approximately 60% ES ce11 derived as judged by GPI-I isozyme analysis of tail samples of the 

embryos (Fig. lC), indicating that the loss of tieLz/tieiczn- cells in the capillary plexuses is 

specific. 

Kistological analysis of the E15.5 chirneras shown in Figs. 2 and 3 revealed that the 

nurnber of capillaries was normal in the ti&z /ti&m- <->CD- I c himeras, but the capillaries were 

mostly made of wild-type ECs not expressing the P-galactosidase marker. This was clearly seen in 

the rnidbrain, bladder and intercostal area (Fig 4A,B,G,H,M). There was also a clear reduction in 
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cf 9 tie la*/+ or 
CD-~  (bb) x cal  (bb) tidacZ Jtie [-ES cells (aa) 
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-neither t ie 'as  nor tic? = +/+ chim 

- P- . . 

contribution of tidacZ cells 
ta vaçculature 

extent of chimerisrn & contribution of 
GPI-laa cells to hematopoietic 
vs. other tissues 

Figure 1. Generation of chimeras. (A) ES ce!l<->morula aggïegation strategy. 
(B) Morula<->morula aggregation strategy. ( C )  Determination of the extent of chirnerism by 
GPI- 1 isoenzyme analysis of tail or brain tissue (adult chimeras) samples of the chimeras shown in 
Figs. 2-5. 
Abbreviations: ec, morula<->morula chimeras; AD, adult chimeras; aa, GPI-la"; bb, GPI- l b b  



Figure 2 Analysis of t i e l c z  / t ie[czn-  ceIl contribution in the endothelium of 
chimeras at ElO.5 and E15.5. The tieLz/+ or t ieh ' t ie lc~n-  ce11 derived capillaries were 
visualized by whole mount P-galactosidase staining. At E10.5 tielcz/+ <-, CD-L chimera (A) and 
a slightly less advanced tielcz/tie[~z~- <-> CD-1 chimera (B) show no observable differences in the 
abundance of the ES cell derived endothelium. Arrows indicate intersornitic vessels. Closeups of 
the front limb buds of thetiek't <-> CD-1 chimera (C)  and tiektielcrn- <-> CD-1 chimera @) 
show no differences in the ES ce11 contribution to capillary endothelium. Both E10.5 chimeras 
shown here were approximately 70% ES ceIl derived as judged by GPI-1 isoenzyme analysis. 
Cornparison of a E 15.5 t iek/+ <->CD- 1 chirnera (E) and a corresponding tiezcWelc=- <-> CD- 
1 chimera @') shows unimpaired contribution of t ielc~ielcm- cells to the endotheliurn of major 
vesse1 such as aorta (arrow) as well as heart (he) and lung (lu). Cornpared with the tieLz/+ <-> 
(int). Both E15.5 chimeras were approximately 60% ES ce11 derived (see Fig. 1C) The embryos 
were cut in haif before staining. Scde bars, (A,B) 500 Pm; (CD) 200pm, @,FI hm. 
Abbreviations: he, heart; lu, h g ;  int, intestine 





Figure 3 Analysis of tielcz ce11 contribution to various capillary plexuses 
of chimeras at E12.5 and El55 Whole mount P-galactosidase staining of the midbrain- 
hindbrain of an E 12.5 ti&/+ <-, CD- 1 chimera (A) and a corresponding tielc%è[c=- <-> CD- 1 
chirnera (B) shows the ri&/+ or t i e [ ~ V t i & z ~ -  derived brain capillaries sprouting from the 
leptomeninges. Whole mount P-gaiactosidase staining of the midbrain-hindbrain (C,D) intercostal 
area (E,F) and skin (G,H) of a E l 5 5  tiezcV+ c-> CD-1 chimera (C,E,G) and a corresponding 
tiek/tie[czn- <-> CD- 1 c himera (D,F,H) demonstrates underrepresent ation of ti& /tiefcm- cells in 
the capillary plexuses. A-D are from are from ES celle->morula chimeras; E-H are from 
morula<->morula chimeras. All chimeras were approximately 60% GPI- laa ce11 denved (see Fig. 
1C). Scde  bars: 200 pm 
Abbreviations: cpl, posterior choroid plexus; lm, leptomeninges; ia, intercostal artery 





Figure 4 Histological analysis of chirneras at E15.5 Sections of the midbrain (A$), 
kidney (C,D), srnall intestine (E,F), wall of bladder (G,H), lung (I,J), heart (K,L) and 
intercostal area (M) of a P-gal stained E15.5 t i e b +  <->CD4 chimera (A.C,E,G,I,K) and a 
corresponding rielcz / t ieLan- <->CD- 1 chimera (B,D,F,H,J,L,M). The sections are from 
ap roximately 60% tielcz/+ or t i e b  /fieLczn- ce11 derived chimeras (see Fig. 1C). Arrows indicate 
tief&+ or rielcWieLcm- capillaries in the rnidbrain, srnall intestine, bladder, and intercostal area; 
arrowheads, wt capillaries. Scale bars: 1 OOpm 
Abbreviations: lm, leptomeninges; g, glomerulus; v, villus; a, aorta; b, bronchiolus; at, 
atrium; ec, endocardium; ve, ventricle; ia, intercostal artery 





ES ce11 derived capillary ECs in the kidney, adrenal gland and intestine of the tielcz/tielc-'n- c- 

>CD- l chimera compared to corresponding tielcz/+ <->CD- l chimeras (Fig. 4 C-F and data not 

shown). Interestingly, t i e b / t i e l c ~ -  cells still strongly contributed to the endothelium of the lung 

and aorta (Fig. 4 1,J) as well as to the endocardiurn of the atria and ventricles (Fig. 4K.L). These 

results were reproduced using chimeras generated by the morula-rnomla aggregation strategy 

(Fig-lB) In approxirnately 90% mutant ce11 derived chimeras more tieicz/tiekzn- cell derived 

capiliary ECs were detected but they were still at a clear disadvantage when compared with t iek /+ 

cells (data not shown). Many of the strong tiezcVtieLcm- <->CD-1 chimeras died before E l 5 5  

Analysis of adult chimeras suggests continued selection against specific tiezcz 

/fiel""- ce11 derived capillary endothelial cells 

Strong adult ( 1  2 week old) ti&' /tiplczn- <->CD- 1 (n=3) and tielcz/+ <->CD- 1 (n=3) 

chirneras (approximately 90% mutant ce11 derived were produced by both ES-cell-morula and 

morula-morula aggregation techniques (Figs. 1A and B). No tieZcz/tidczn- ce11 derived capillaries 

were detected in the kidneys and adrenais by p-galactosidase staining (Fig. SA-D), despite some 

contribution in E15.5 and newborn chimeras (Fig. 4D and data not shown). In the lung, the 

nurnber of tielcz/tielc=- ceil denved ECs was also greatly reduced (Fig. 5E.F) although ti&/tielc=- 

cells strongly contributed to various types of lung endothelium at E15.5 (Fig. 4J). Interestingly, 

patches of tie[cVtiel""- ce11 derived capillaries were still detected in this organ in 4-week old 

chimeras (n=3; data not shown). Thus, there appears to be continuous selection against the 

tielcz/ti&m- ECs after their initiai differentiation in the lung. In contrast. the capillaries in the heart 

myocrdium as well as the endocardium and some major vessels of the 12-week old chimeras still 

contained many tielcz/tielcm- ECs (Fig. 5G-1). However. analysis of several sections suggested that 

the ti&z/tielczn- ECs were still slightly selected against in the myocardial capillaries. The GPI- 1 

isozyme analysis of the chimeras in Fig. 5 is shown in Fig. 1C. 



Figure 5. Histological analysis of adult chimeras. Sections of the kidney (A,B), adrenal 
(C,D), lung (E,F) and heart (G,H,I) of a 12-week old adult t i e k +  c->CD-1 chirnera 
(A,C,E,G) and a corresponding tieLz/tielczn- c->CD-1 chirnera (B,D,F,H,I). The chimeras 
shown are about 90% t ie lV+ or tieLz/tie'czn- ce11 derived (see Fig. 1C). Nonendothelid 
background staining was detected in the epithium of the bronchioli of the lung as well as 
Bowman's capsule of the kidney glomemli. Arrow indicates tieZcz/+ endothelium, arrowhead, 
wild-type endothelium. Scale bar 1ûûp-n. 
Abbreviations: a, artery; g, glomerulus; c, cortex; m, medulla; b, branchiolus; v, vein; ec, 
endocardiurn. 





tieEz/ti&"- cells can contribute to several hematopoietic ceIl populations and 

bone marrow heamtopoietic progenitors 

To avoid chirneric drift resulting from differences in the genetic backgrounds of 129Sv-derived ES 

ceIls and CD-1 embryos as welï as possible epigenetic changes occuring in the ES cells (Berger et 

al., 19951, the andysis of T I .  function in various hematopoietic populations was performed using 

chimeras generated by the morula-morula aggregation strategy. In this situation, both mutant and 

host embryos have approximately the sarne genetic background (129Sv-CD- 1 hybrid vs. CD- 1, 

Fig. 1B). The ti& and tielczn- alleles were bred into a CD-1 (GPI-Pa) background whereas the 

wild-type host embryos were CD4 (GPI-lbb), thus ailowing the identification of the cells denved 

from the two embryos by GPI- 1 isozyme analysis. 

Ear punch (control tissue) and peripheral blood samples were taken from three week old 

+/+ <->CD- 1 (n=7), t i e b +  <->CD- 1 (n=4) and t i e k t i e m -  <->CD- 1 (n=9) chimeras and 

analysed for their GPI-1 isozyme composition. Generally, the ear punch and peripheral blood 

samples of +/+<->CD- 1, t i e b +  <->CD- 1, as well as tieZcWielczn- <->CD- 1 chimeras were 

essentially equivalent in their GPI-Pa ce11 contribution, aithough some random variation was 

observed (data not shown). Analysis of the various hematopoietic populations of these chimeras 

revealed that the tielc-/rielcm- cells readily contributed to thymocyte, splenocyte, and peripheral 

platelet populations as well as to in vitro cultured bone marrow progenitor cells (CFU-C; Fig. 6 ) .  

Histological sections of fetal liver of E 15.5 tielcz/tielcm- <->CD- 1 as well as tiezcz/+ c- 

>CD- l chimeras revealed P-galactosidase expressing megakaryocytes in both cases (Fig. 7). Thus, 

TIE appears to be expressed in megakaryocytes in vivo, but this expression is not required for their 

differentiation.. 

DISCUSSION 

Several factors have been observed to induce EC proliferation, vesse1 formation and 

capiLlary sprouting in both in vivo and in vitro assays (Folkman and Shing, 1992). How these 

findings relate to the formation of the vascular tree during development is often less well 

understood. We have approached the question of developmental regulation of vascularization from 



Figure 6 Contribution of tieLcz / t ielfzn- cells to various hernatopoietic populations. 
GPI- 1 isoenzyme analysis of various hematopoietic populations and bone marrow progenitor ceus 
of three +/+<->CD- 1 chirneras (+/+) and three tielcz /ti&zn- <->CD- 1 chirneras (-/-). The 
chimeras shown were 4 week old littemates. The first peripheral blood sarnple was taken at the 
age of 2.5 weeks. 



Figure 7. Expression of Tie in megakaryocytes in vivo. Section of whole mount p- 
galactosidase stained liver of an E 15.5 ti& /tielczn- <->CD- 1 chimera. showing tiezcz /tielcz- ce11 
derived megakaryocytes (arrows) and wild-type megakaryocytes (arrowheads). Scale bar. 50 Fm 



a different angle using gene deletion experiments in the mouse. Our previous studies showed that 

homozygosity for a nul1 mutation in the EC expressed RTK, Tie, results in embryonic lethality 

after E13.5 due to a Ioss of vascular integrity (Puri et al., 1995). Using chimeras generated by 

aggregation of ES cells having no functional Tie gene with wiid-type embryos, we further 

demonstrated a cell autonomous requirement for TIE in the development of ECs of the adult mouse 

kidney. However, the exact time and place of the requirement for T E  signalling remained 

unresolved. 

Using chimeric analysis, we have defined the function of TIE dunng different phases of 

vasculrtr development more carefully. Analyses of both avian and murine ernbryos have suggested 

that de novo differentiation of angiobIasts generates the major vessels such as the dorsal aorta, 

cardinal and vitelline veins as well as heart endocardium (Pardanaud et al., 1987; Coffin and 

Poole, 1988; Coffin et al., 199 1). Our results showed that up id1 E 10.5, cells without a functional 

Tie gene were found in al1 of the ernbryonic vasculature suggesting no role for TIE alone in the 

early differentiation of ECs despite expression of T E  in angioblasts (Korhonen et al., 1994). Soon 

after de novo formation of the major vessels, the vascular tree is expanded by vessel sprouting. 

Because Tie mutant cells readily contributed to the presumably angiogenically derived vessels, Iike 

the intersomitic arteries and limb bud vasculature (Jotereau and LeDouarin, 1978; Coffin and 

Poole, 1988), TIE does not appear to be necessary for an early phase of angiogenic vessel growth. 

Instead, early angiogenic growth as well as heart development seem to be dependent on expression 

of the closely related RTK, TEK (Dumont et al., 1994; Sato et al., 1995). 

The chimenc analysis described here has revealed a major function for T E  during 

organogenesis at rnidgestation. These results aiso further demonstrated differential contributions of 

vasculogenesis and angiogenesis to the formation of the vascular tree. Vascularization during 

organogenesis has been studied by quail-chicken interspecies organ rudiment transplantation 

chimeras. In these studies, certain preferentially endoderm containing rudiments such as lung, b e r  

and intestine have been suggested to undergo vascuiogenesis (Pardanaud et al., 1989). Based on 

rnorphological studies, differentiation of blood-island-like structures in situ is also thought to give 

rise to the coronary capillary network of the heart (Hirakow and Hiruma, 1983; Hutchins et al., 

1988) although their precursors have been suggested to have an extracardiac source (Poelmann et 
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al., 1993). Interestingly, abundant contribution of Tie mutant ceUs was detected at E15.5 in the 

endothelium of the heart and lung. Thus, consistent with our results from E10.5 embryos, T E  

does not appear to be required in the presumably vasculogenic processes taking place during later 

development. 

In contrast to the organs possessing vasculogenic activity, Tie mutant cells were 

underrepresented in capilIaries of organs and tissues like kidney, brain and skin at E 15.5. Analysis 

of quail-chicken transplantation chimeras has shown that these organs depend on an extrinsic 

source of endothelium which grows into the organ rudiments as capillary sprouts (Ekblom et al., 

1982; Stewart and Wiley, 198 1). Thus, T E  appears to specifically support capillary EC 

proliferation and/or migration needed for angiogenic growth, although at this stage there is no 

absolute requirement for T E  in any EC type. The avian interspecies transplantation experiments 

have indicated that certain organ rudiments possess vasculogenic activity, but they do not suggest 

that it is the exclusive mechanism of vascularïzation, and presumably, vessel sprouting plays a role 

after the initial angioblast differentiation in the rudiments. However, our results suggest that 

sprouting is either not very extensive or not T E  dependent in the embryonic lung and heart. It may 

play a more important role in the vascularization of the intestine, which also has vasculogenic 

potential (Pardanaud et al., 1989), as the Tie mutant cells were clearly selected against in the 

vasculature of this tissue. Alternatively, there rnight be a specific requirement for T E  in the 

vasculogenesis of the intestine. Our results demonstrate that there are obvious differences in the 

cellular or regulatory mechanisms of vessel sprouting at various stages of development. As 

suggested, angioblast differentiation rnight contribute to the early vessel sprouting (Noden, 199 1 : 

Brand-Saberi et ai., 1995; Kurz et d., 1996). 

In addition to its role in the development of the vasculature, T E  appears to be involved in 

supporting survival of endothelium in mature vesseis. This is best illustrated in the endothelium of 

the lung which initialiy can have a strong contribution from the Tie mutant (see above). Selection 

against these cells continues even after weaning age, and by 12 weeks of age most Tie mutant cells 

are eliminated from the lung endothelium of the chimeras. Also, the remaining mutant cells 

contributing to kidney glorneruli and adrenals seern to be replaced by wild-type cells by the time the 

chimeras reach weaning age. In contrast, ECs of some major vessels, the heart endocardium and 
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several myocardiai capillaries were able to survive without TIE function. As an alternative to 

affecting ECs directly, TE could also support EC proliferation that replaces senescent ECs. We 

feel that this is unlikely, however, because of the very slow turnover of the mature endothelium 

(Hobson and Denekamp, 1984). Our results suggest a striking heterogeneity of ECs in their 

requirements for environmental signals regulating growth and survival. 

Since T E  is also expressed in some hematopoietic ce11 lineages in addition to the 

endothelium, we made use of the chimeras to ask whether there is a function for T E  in the 

developing hematopoietic system. The l i e  mutant cells were able to contribute to several 

hematopoietic organs and populations and were not at a disadvantage when compared with wild- 

type cells. Thus, we conclude that T E  expression in the hematopoietic system is either not 

functionally significant or there may be redundancy between TIE and another receptor such as TEK 

which has also been reported to be exprssed in hematopoietic ceus (Batard et al., 1996; Hashiyama 

et al., 1996; Iwama et al., 1993). The inability to detect a hematopoietic defect in the Tie mutant 

cells further supports our conclusion that T E  has no function in early at the level of the 

hypothetical hemangioblast. In addition to hematopoieitic stem cells, Tie is also expressed in 

megakaryoblastic cell lines in vitro. We have shown here that Tie is also expressed in 

megakaryocytes in vivo, but is not required for their differentiation. We cannot, however exclude 

the possibility that TIE plays a more subtle role in the maturation of the megakaryocytic and 

perhaps other hematopoietic lineages (Batard et al., 1996; Hashiyama et al., 1996). Our resuits are 

consistent with a recent report demonstrating diat l i e  mutant celis are still capable of hematopoietic 

colony formation in vitro and reconstitution of the hematopoietic system in vivo (Rodewald and 

Sato, 1996). The chimeric anaiysis presented here is even a more stringent test, as it can also detect 

a defect of the mutant cells that is only apparent when these cells are put in a competitive situation 

with the wild-type host cells. 

Recent gene targeting studies have dernonstrated a hierarchy of signals regulating the 

development of the vascular tree (Carmeliet et al.. 1996; Dickson et al., 1995; Dumont et al., 1994; 

Ferrara et al., 1996; Fong et al., 1995; Puri et al., 1995; Sato et al., 1995). Our results indicate that 

in contrast to VEGF, which has functions in both vascuIogenesis and angiogenesis, the signal 

mediated by the RTK T E  is specific for a late phase of angiogenesis and regulates EC survival and 
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proliferation nther than their differentiation. In addition there appear to be striking differences in 

the growth factor requirements of the endothelium in various parts of the vascular tree. Despite 

widespread expression in different types of endothelia, T E  is not required uniformly. Our results 

thus demonstrate fundamental differences in the mechanisms that regulate both the formation and 

maintenance of the various parts of the vasculanire. 
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Interaction of TEK and TIE receptor tyrosine kinases during cardiovascular 
development 



SUMMARY 

TEK (TIEZ) and T E  ( m l )  are stmcturally related receptor tyrosine kinases expressed in 

endothelial cells (ECs) and their precursors. Genetic studies in the mouse have revealed essential 

functions of both receptors in angiogenic expansion of the vasculature during developrnent. Mouse 

embryos homozygous for a disnipted Tek allele die by Day 10.5 of embryogenesis due to 

endocardiai defects, hemorrhaging, and impaired vascular network formation. T E  is required ce11 

autonornously for EC survivai and extension of the vascular network of angiogenically 

vascularized organs such as the brain and kidney during late embryogenesis. Here we have 

investigated possible redundancy in the TEK and TIE signaiiing pathways during early vascular 

development. Vasculogenesis proceeds normally in embryos lacking both TEK and TE, although 

such embryos die early in gestation of multiple cardiovascular defects. Mosaic analysis revealed an 

absolute requirement for TEK in the atriaI and ventricular endocardiurn at E10.5, whereas TEK and 

T E  are dispensable for the initial assernbly of the rest of the vasculature. Ln contrast, both 

receptors are required in the microvasculature of rnost organs during late organogenesis and in 

essentiaily al1 blood vessels of the adult organisrn. This analysis dernonstrates essential functions 

for TEK and TE in maintaining the integrity of the mature vasculature. 



INTRODUCTION 

The survival of the vertebrate ernbryo depends on the correct development and integrity of 

the circulatory system. Mamrnalian cardiovascular development is a complex process involving the 

coordinated differentiation and interaction of distinct ceii lineages to form the hem and the diverse 

array of arteries, veins and capillaries required to supply oxygen and nutrients to al1 tissues of the 

adult organism. Perturbations in this process can result in a wide variety of disorders ranging from 

fetal rnortality to vascular maLformations (Schaffer and Avery, 197 1). 

Embryooic endothelial cells (ECs) differentiate early in development and provide a 

framework around which the vascular system is subsequentiy organized (Wagner, 1980; Noden, 

1991b; Noden, 1991c) (for reviews see Risau, 1997; Wilting and Christ, 1996; Risau, L995; 

Wilting et al., 1995). Blood vessel formation is initiated in early marnmaiian embryogenesis by the 

process of vasculogenesis: the differentiation of mesodermally derived EC precursors, the 

angioblasts, and either their irnmediate aggregation to form endothelium, or their migration through 

the embryo and eventual organization into vascular channels. The major vascular structures of the 

early embryo, including the dorsal aorta, the heart endocardium and the cardinal and vitelline 

vessels are thought to arise by this process (Pardanaud et al., 1987; Coffin and Poole, 1988; Poole 

and Coffin, 1989; Coffin and Poole, 1991; Coffin et al., 1991). Subsequently, a branching 

network of blood vessels is assembled in the embryo by proliferation, sprouting and organization 

of preforrned ECs in a process termed angiogenesis. The vascularization of several organs, 

including the brain and kidney, as well as formation of the smaller vessels and the 

microvasculature occur by angiogenesis (Stewart and Wiley, 198 1; Ekblom et al., 1982; Sariola et 

al., 1983; Pardanaud et al., 1989; Noden, 1991c; Couly et al., 1995; Kurz et ai., 1996). Both 

vascuIogenesis and angiogenesis appear to contribute to the vascularization of the limbs and 

intersornitic vessels (Wilms et ai., 199 1; Seifert et ai., 1992; Brand-Saberi et al., 1995; Drake et 

al., 1997). Finally, as organogenesis proceeds, pencytes, vascular smooth muscle cells and 

fibroblasts are recruited to the ECs of primitive vessels to promote the assernbly and stabilization of 

the mature blood vessel wall (Beck and DIArnore, 1997; Risau, 1997). 

Insight into the molecular mechanisms that mediate these distinct stages of blood vessel 

assembly has been provided by studies of two subfarnilies of receptor tyrosine kinases(RTKs) that 
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are cntical for these processes. One subfamily includes the recepton for the vascular endothelial 

growth factor (VEGF) family of polypeptides: VEGF receptor (VEGFR)-1 (Flt-1), VEGFR-2 

(Flk-1) and VEGFR-3 (Flt4) (for recent reviews see (Bussolino et al., 1997; Ferrara and Davis- 

Smith, 1997: Hanahan, 1997). The second subfamily consists of TEK (TIE2) the receptor for 

Angiopoietin- 1 ( h g -  1) and Angiopoietin-2 (hg-2) ,  and TIE (TE 1), an orphan receptor (Dumont 

et al., 1993; Dumont et al., 1992; Iwarna et al., 1993; Partanen et al., 1992; Sato et al., 1993; 

Schnürch and Risau, 1993; Davis et al., 1996; Maisonpierre et al., 1997). 

Expression and mutational analyses of these receptors and their cognate ligands in the 

mouse have revealed their essential hinctions during embryonic blood vessel development. VEGF 

deficient mice die between ernbryonic day 8.5 (E8.5) and E9.0 and dispiay severe defects in the 

formation of the earliest vascular structures (Carmeliet et al.. 1996; Ferrara et al., 1996). Similarly, 

embryos homozygous for a targeted null mutation in the gene for VEGFR-2 die early in gestation 

due to the lack of formation of both ECs and hematopoietic cells (Shalaby et al., 1995), as a result 

of the blocked migration of angioblasü to the initial embryonic sites of vasculogenesis (Shalaby et 

ai., 1997). ECs still develop in embryos lacking VEGFR-1, but these embryos die by E8.5 to 9.5 

as result of severe defecü in the organization of the primitive vascular system, specifically in lumen 

formation (Fonp et al., 1995). Also, inactivation of the gene for VEGFR-3 affects lumen formation 

in large vessels during early development (Dumont et al., 1998). 

In contrast to the defects in vasculogenesis revealed in embryos lacking VEGF, VEGFR-2 

or VEGFR-1, targeted mutations in Tek, Tie and Ang- l al1 result in embryonic lethality during 

embryogenesis as a consequence of the failure of the embryonic vasculature to expand and survive 

(Dumont et al., 1994; Puri et al., 1995; Sato et al., 1995; Suri et al., 1996). Notably, the initial 

differentiation and assembly of ECs is unperturbed in these mutants. For exarnple, Tek 4- embryos 

undergo normal vasculogenesis, but die by E10.5 as a result of hemorrhaging and cardiac failure. 

These mutant ernbryos show irnpaired endocardial development and rnyocardial trabeculation, and 

also fail to form a branched network of small and large vessels in several anatomical locations 

(Dumont et al., 1994; Sato et ai., 1995). Similarly, targeted disruption of Ang-1, the ligand for 

TEK, leads to embryonic lethality by E12.5, with heart and biood vessel defects similar to, but less 

severe, than those observed in Tek-/- embryos (Suri et al.. 1996). The absence of Ang-1 and TEK 
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is also associated with a lack of penendothelial cells at the sites of deficient vessel branching and 

reorganization (Suri et al., 1996; Patan, 1998). These observations, dong with the expression of 

Ang-I in later embryogenesis (Suri et al., 1996; Maisonpierre et al., 1997), suggest that activation 

of the TEK signalling pathway via Ang-1 is required for angiogenic sprout formation, vessel 

remodelling and vessel maturation, but not for EC differentiation. Consistent with this model, 

Ang- 1 addition to cultured ECs does not prornote ce11 proliferation or tube formation as has been 

demonstrated for other angiogenic molecules, but instead induces both sprout formation and 

migration in vitro (Koblizek et al., 1998; Witzenbichler et al., 1998). These processes rnay be 

regulated in vivo by Ang-2, a second ligand for TEK, which antagonizes receptor activation by 

Ang-1 (Maisonpierre et ai., 1997). 

Genetic analysis has also revealed a role for the TIE receptor after the initial formation of 

the embryonic vasculature. Embryos homozygous for a mutant Tie ailele survive with a normal 

cardiovascular system until at l e s t  E13.5, but subsequentiy manifest ederna and/or aneurysms of 

the rnicrovasculature, eventually succumbing to widespread hernorrhage (Puri et ai., 1995; Sato et 

al., 1995). In addition, analysis of chimeric embryos derived from normal ernbryos and Tie-/- 

embryonic stem (ES) cells has shown that Tie-/- cells can participate in vasculogenesis, early 

angiogenesis, and contribute fully to the formation of major blood vessels, but are subsequently 

unable to give rise to the capillaries that form in the brain and kidney by angiogenesis during late 

ernbryogenesis (Partanen et al., 1996). In contrast to the Ang-l and Tek mutants, disniption of the 

Tie gene does not lead to obvious cardiac defects and ECs lacking T E  can contribute the heart 

endocardium even in adult mice (Partanen et al., 1996; Puri et al., 1995). 

The genetic analyses discussed above suggest that the TEK and T E  receptors are both 

required for vascular development and play sornewhat different roles. However several 

observations suggest that they may also have partly overlapping functions in vascular 

development. First, the genes for both receptors are expressed in virtually al1 ECs throughout 

embryogenesis (Dumont et al., 1995; Dumont et al., 1992; Korhonen et al., 1994; Sato et al., 

1993; Schnürch and Risau, 1993). Second, the TEK and TE receptors share a number of unique 

structural features including fibronectin type III repeats, immunoglobulin loops and epidermal 

growth factor like domains in their extracellular domains (Dumont et ai., 1993; Iwama et al., 1993; 
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Partanen et al., 1992; Sato et al., 1993). Furthemore, the presence of several conserved tyrosine 

residues in the intraceilular domain suggests that these receptors may share common signalling 

transduction pathways (Lyons et al., 2998). Importantiy, neither Tek nor Tie mutant embryos 

exhibit any defects in angioblast differentiation or early vessel assembly dthough they are both 

expressed in angioblasts. Thus, it is possible that a role for TEK and T E  signaliing at an early 

stage of vascular development is obscured by their overlapping functions with other independent 

essential functions of the receptors ody becoming manifested at later stages of embryogenesis. 

Expression of Tek, Tie and Ang-l continues in a variety of adult tissues (Iwarna et ai., 

1993; Sato et al., 1993; Wong et al., 1997; Partanen et al., 1996; Maisonpierre et al., i997), 

suggesting an ongoing role for these molecules in the quiescent adult vasculature. Upregulation of 

these genes during the normal angiogenesis necessary for ovarian follicular maturation and uterine 

development in pregnancy also suggests a role for these receptors in the adult (Dumont et al., 

1992; Korhonen et al., 1992; Maisonpierre et al., 1997). In addition, expression of Tek and T e  is 

enhanced during wound healing angiogenesis and in the vasculature of several human tumours 

(Korhonen et al., 1992; Wong et al., 1997; Kaipanen et ai., 1994; Peters et al., 1998; Saiven et 

al., 1996). Together these findings implicate a ro1e for TEK and TIE in normal and pathological 

neovascularization in the adult. Indeed, inhibition of TEK in one tumour mode1 prevented turnour 

growth suggesting that the TEK signalling pathway plays an active role in tumour angiogenesis 

(Lin et al., 1997) and is therefore a candidate for anti-angiogenic therapies. 

In this report we have investigated whether TEK and T E  have redundant functions by 

analysing embryos doubly homozygous mutant for both genes. Interaction between the TEK and 

T E  signailing pathways was also investigated by manipulating the gene dosage of both recepton. 

Our results show that EC differentiation from mesodermally derived angioblast precursors occurs 

normdly in embryos lacking TEK and T E .  In addition, to define more precisely the role of TEK 

and TIE in the developing and mature vasculatures, we studied the ability of cells Iacking both 

TEK and TIE to contribute to the endothelium of chirneric animals in early development, 

rnidgestation and in the adult. This analysis revealed an absolute requirement for TEK in the 

differentiation of the heart endocardium by E1O.S of gestation; however, TEK and TIE were 

dispensable for the initial assembiy of the rest of the vasculature in chimeras. An essential 
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requirement for both receptors became evident in the rnicrovasculature during late organogenesis 

and in viaually a i i  blood vessels in the adult mouse. 

MATERLALS AND METHODS 

Mutant alleles and generation of Tek, Tie compound mutants 

The generation of tielcz, titielcm- and t e k m  mice has been described previously (Dumont et 

ai., 1994; Puri et al., 1995; Chapter 2). Briefly, the tielcz allele was created by homologous 

recombination in ES cells, placing the bacteriai lac2  gene under the control of the Tie promoter . 

The tielzn- allele was derived from riekz by removing the neo gene following Cre mediated 

recombination (Puri et al., 1995; Chapter 2). The t e k b ~  allele was created by replacement of the 

start of translation and the remainder of the fmt translated exon with the neomycin resistance (neo) 

gene, generating a null d e l e  (Dumont et al., 1994). 

Because the murine Tek and Tie genes map within 12.2cM on mouse chromosome 4 (Sato 

et al., 1993) doubly heterozygous recombinant parents were required in order to produce and 

analyse ernbryos homozygous mutant for both aileles (Fig. 1A). After intercrossing t i e b i -  and 

tek@'/, single heterozygotes, nonrecombinant double heterozygotes (tieLcz+//+tek~sp) were 

produced and subsequently bred to CD-1 wild type animals to generate recombinant double 

heterozygous founders (tielcztekdrp//++).~wo doubly heterozygous recombinant males (TR37 and 

TR84) as well as two single heterozygous littermates: (TR9 1 (tielcz/+) and TR4 (tekh~/+), were 

bred to wild type CD4 females to generate large numbers of animals of ail three genotypes to 

perform the phenotypic analyses on a uniform genetic background. The analyses described here 

(Fig. 1B) were performed in F3 to F5 generations of rnice on the CD-1 background. 

Genotyping of rnice carrying tek@ and tielcz alleles 

Screening for t e k h ~  and tielcz alleles by restriction digestion and Southem analysis was 

performed as described previously (Dumont et al., 1994 ; Puri et al., 1995 ; Chapter 2). 

Polymerase chain reaction (PCR) based screening was also used to genotype embryonic tissues. 

Yoik sac fragments were dissected and incubated at 550C for 4 hours to ovemight in 50-200pL of 

1X Proteinase K (ProK) buffer (50mM KCI, lOmM Tris HCI pH8.3, 2.0mM MgC12, 
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0.45%Nonidet P-40, and 45% Tween-20) with a 1:100 dilution of lOmg/mL of Proteinase K 

(B oe hringer) . 

PCR screening to distinguish wild type Tie and rielez aileles was performed as follows: 1- 

2pL of lysed sarnple was added to an appropriate volume of water and overlaid with 50pL of 

minera1 oil, and heated to 950C for 10 minutes in a Perkin Elmer thermocycler, followed by the 

addition of PCR mix to a final reaction volume of 25pL containing 50mM KCI, 2.0mM MgC12, 

lOrnM TrisHCl pH8.3,0.001% gelatin. 200pM of each of the four dNTFs, lOOng of each primer 

and 0.1 units of recombinant Taq polymerase (Arnplitaq; Perkin-Elmer). PCR was performed for 

35 cycles using the following reaction conditions: denaturation at 940C; annealing at 600C; 

elongation at 72OC each for 30 sec. For the wild-type Tie allele a 300bp product was generated 

using the Tie exon 1 specific sense primer 1: (5'CCTT'CCAGAGACTTCCAGGCCACA3') and an 

antisense primer 2 specific to the deleted portion of exon 1 (Puri et al., 1995; Chapter 2) 

(SfCATACTCTGGAAGCTGCCCTG3'). The mutant tieZcz allele was arnplified using primer 1 

and an antisense lac2 specific primer 3 (S1GATGTGCTGCAAGGCGAïTAAG3'). 

Wild type Tek and tekbp alleles were arnplified in a reaction containing 67rnM Tris HCl 

pH 8.8, 6.7rnM MgC12, 170 mg/rnL BSA and 16.6rnM (NH4)2S04, 1SmM of each of the four 

WTPs, lO%DMSO, 0.25U Taq polymerase and 200ng of each primer using the sarne procedure 

and therrnocycling conditions as above. For the wild type Tek allele a 150 bp product was 

generated using the Tek exon 1 specific primer 4 (S1AGCGAGTGGACCATGCGAGC3') and the 

antisense primer 5 (5'AGGAGCAAGCTGACTCCACAG3') specific to the deleted portion of 

exon 1 (Dumont et al., 1994). The rekhp allele was amplified using antisense neo gene specific 

primer 6 (S1CCATTGCTCAGCGGTGCTGTCCAT3') and primer 5 as above. 

Chimeric analysis 

Chimeras were generated by the morula-morula aggregation technique as described 

previously (Wood et al., 1993) and as shown in Fig. 4. Morulae from a cross between tielc; 

tek-// ++ and tiel~zn- t e k W /  ++ (GPP)  parents were aggregated with CD- 1 wild type ( G P I ~ ~ )  

and transferred to the uten of CD-1 foster mothers. Screening of yoik sac and tail DNA for t ie l~z  



and tielczn- alleles by restriction enzyme digestion and Southern blotting has been described 

previously (Puri et al., 1995; Chapter 2). PCR based screening for t i e b  and tiezczn- alleles was 

also performed using identical lysis and thennocycling conditions as descnbed above for t e k b p  

and Tek alleles. For the ti& ailele a 260 bp product was generated using the antisense Tie exon 1 

specific primer 7 (5'GAAGACTTACCAACATGAGAGGC3') and Lad gene specific sense primer 

8 (StTCCTGGAGCCCGTCAGTATC3'). For the tiezczn- allele a 590 bp product was amplified 

using primer 1 as above and neo gene specific primer 9 (S1GCCTGAAGAACGAGATCAGCA3'). 

P-galactosidase staining of embryos and adult tissues 

Embryos or tissue samples were dissected, fixed, washed and stained as described 

previously Puri et al., 1995; Partanen et al., 1996; Chapters 2 &3). 

Whole mount immunohistochemistry 

Embryos for whole mount PECAM (CD3 1) antibody staining were dissected in ice cold 

PBS, fixed on ice in 4% paraformaldeyde for 2-4 hours and washed ovemight in PBS at 4OC. 

Embryos were then dehydrated through a graded methanol series and stored at -200C until 

genotyping was complete. Ernbryos were then rehydrated at room temperature through graded 

methanols and incubated twice on a rotating platform for one hour in PBSMT (3% skim milk 

powder, O.l%Triton-X-100 in PBS), followed by overnight incubation at 4OC with a 1:1000 

dilution of preabsorbed rat anti-mouse PECAM-1 antibody (Pharrningen) in PBSMT. Embryos 

were washed five times for one hour each at 40C in PBSMT, and staining was completed using the 

Vectastain ABC Elite kit (Vector Labs) according to the recornmendations of the manufacturer. 

Colour resolution was achieved using diaminobenzidine (DAB; Vector Labs). 

Glucose Phosphate isomerase-1 (GPI) isozyme analysis 

Tissue samples from organs of adult animals, and tail samples of E10.5 and E l 5 5  

chimeric embryos were collected in eppendorf tubes, crushed using an eppendorf sized pestle, 

stored in distilied water and freeze-thawed at least tfiree times before GPI andysis. After spinning 

briefly in a microfuge, 10 pl, of sample was run on cellulose acetate plates (Helena Laboratories) at 
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150 Volts for 45 minutes. The colour reaction was performed as described previously (Nagy and 

Rossant, 1993) and stopped in 5% acetic acid. 

RESULTS 

Generation of embryos lacking both TEK and TLE 

We have previously described the construction of mutant null alleles of both the Tek and 

Tie genes by gene targeting in embryonic stem (ES) cells (Dumont et al., 1994; Puri et al., 1995; 

Chapter 2). Tek and Tie genes localize to within 12-2 CM on mouse chromosome 4 (Sato et al., 

1993). Thus, in order to initiate a phenotypic analysis of doubly hornozygous mutant embryos, 

recombinant doubly heterozygous mice were produced according to the scheme shown in Fig. 1A 

and described in the Materials and Methods. After interbreeding tielcz and tekbp heterozygotes, 

double heterozygotes were bred to wildtype CD- 1 mice and the offspring genotyped for their Tek 

and Tie alleles. Doubly heterozygous recombinants (tiezcz t e k b W  ++ ) which arose in this 

generation were observed at a frequency of approximately IO%, indicating either slightly closer 

linkage of the two genes than previously described, or reduced survival to adulthood of a subset of 

doubly heterozygous anirnals. The nomenclature used for dl combinations of Tek and Tie aileles is 

described in the Materials and Methods and in Figure 1. In the studies described below, we have 

focused on the doubly hornozygous mutant (tielcz tek@//tielcztekhp) embryos and homozygous 

Tie mutant mice with half Tek gene dosage ( t i ekekds~ / / t i&  + ). The ti& t e k b ~ / / +  t e k m  mice 

displayed phenotypic characteristics that were indistinguishable from Tek nullizygotes (Table 1A 

and data not shown). 

Vascular development in the absence of both TEK and TIE 

To deterrnine whether the TEK and T E  signdling pathways are functionally redundant in 

early EC differentiation, recombinant mice doubly heterozygous for null alleles of both genes (ti& 

t e k b ~ / / + +  ) were inter-crossed (Fig. 1B) and the offspring were analysed at embryonic day (E) 

10.5 and earlier (Table 1A). The l a d  gene targeted into the Tie locus provided an endogenous 

rnarker for ECs in doubly hornozygous mutant (tielcz tek&p//tieLc~tek@) and doubly heterozygous 

(rieicz t e k k W + +  ) embryos. E9.5 double mutant embryos were considerably srnaller than their 
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Figure 1. Derivation of rnouse strains. (A) Breeding scheme for generation of recombinant 
double heterozygote ( t i e k e k d s ~ / / + + )  mice. Single heterozygotes ( t ieLW+) and (tek@/+) were 
intercrossed. Genotyping for both mutant alleles in the F1 generation led to the identification of 
several non-recombinant double heterozygotes (tiezcz+//+tek&p) which were mated to CD-1 wild 
type rnice. Offspring positive for both mutant alleles in the F2 generation were recombinant double 
heterozygotes ( t i e h k d s P / / + + )  and were maintained on a CD-1 background as were two fonder  
strains of single heterozygotes which aiso arose in the F2 generation. (B) Breeding scherne for 
generation of double homozygous mutant (tie[cztek~p//tiezcztek~p) and gene dosage compromised 
offspring. Recombinant double heterozygous ( t iekekdsp//+ +) males were mated to females of 
both single heterozygous genotypes to derive (ti&ztek@//ttiee[cz+) and (tieZcztekdsP/+tekhp) gene 
dosage comprornised offspring. Recombinant double heterozygous males were also mated to 
females of the sarne genotype to generate double homozygous mutant (tiezcztekbp//tieIcztekdrp) 
offspnng. 



B. crosses: offspring of interest: 

Figure 1 



Figure 2. Phenotypic cornparisons of t ielcztekAsp// t ielcztek~spand tielcz tekAsp 
//++ ernbryos at E9.0 to E9.5. 
(A) E9.5 tiekz rekbp//++ embryo showing Tie s ecific Lac2 expression in al1 embryonic blood 
vessels and kar t  endocardium compared to tiePcztek~sp//tielcztek~SP litfermate (B) exhibiting 
overall size reduction, developmentai arrest, poor heart development, edema, and uniform Lac2 
expression. 
( C )  Whole mount view of E9.5 tielcz tek As^//++ X-gal stained yolk sac vascular network 
composed of large vessels and srnalier branches. (D) In 
y o k  sac of tiezcztek~p//tiezcztekdsp Littermate to C, vessels are of uniform size. 
(E) Whole-mount side view of cephaiic vasculature of PECAM stained E9.0 wild type embryo 
showing delineated branches of the anterior cardinal vein and capillary plexi (arrow). (F) PECAM- 
1 stained littermate to (E). Note absence of large branches of anterior cardinal vein and arrest of 
angiogenesis to dorsal aspect of embryo. 
(G) Transverse histology of antenor portion of X-gal stained E9.0 tie%ekhW++ embryo. (A) 
Corresponding region of tielcztek@//tieZcztekds~ embryo exhibits weak Lac2 staining, loss of EC 
integrity, absence of branches of antenor cardinal vein, decreased number and poor oganization of 
remaining vessels, and non-EC staining in neural tube. 
(1 ) Transverse section through heart region of X-gal stained E9.0 tiehekAsp//++ embryo 
compared with (J) tie~cztekb~//tie~~ztek~p littermate showing sparse endocardium in atrium and 
ventricle, reduced ventricular trabeculation, poor vascular organization in the dorsal aspect 
including perineural vascular plexus and collapsed dorsal aortae, and extensive non-EC P- 
galactosidase activity in the mesenchyme and neuroectoderm. 
(K) Section through dorsd posterior of X-gal stained E9.0 tielc~tekAp//++ embryo and ( L )  
tieZcztekdrp//tielcztekhp Littermate showing vesse1 dilation (arrows) blood pooling, edema, and 
somite deterioration and necrosis. 
Abbreviations: acv: anterior cardinal vein; da: dorsal aorta; a: atrium; v: ventricle 
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Table 1A 

Cross: 

Embryonic 
or 

E8.0-8.5 
%abnormal 

E9.0-9.5 
%abnormal 

E9.5- 10.5 
%abnormal 

E10.5-11.5 
%abnormal 

El 1.5-12.5 
%abnomal 

E 12.5- 13.5 
%abnormal 

Summary of phenotypic analysis of double homozygous and gene dosage 
cornpromised mutant ernbryos 

tek: +/+ +/- -1- +/+ +/+ +/- +/- +/+ 4-1- +/- -1- 
tie: +/+ +/- -1- +/+ +/- +/- -1- +/+ -1-1- +/+ +/- 
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control littermates, and most had an enlarged pericardial sac and a poorly developed hem, under- 

developed forebrain structures as well as ederna with varying degrees of severity (Fig. 2A,B). In 

addition, most double mutant embryos were extremely pale compared to their control littermates. 

Despite these overt defects, many developmentai processes were completed including neural tube 

closure, somitogenesis, formation of branchial arches and nirning of the embryo although a subset 

of tieb tekAp//tie%ek& ernbryos arrested prior to the completion of turning. 

Double mutant embryos could also be distinguished from their control littermates by their 

underdeveloped yolk sac vasculature lacking major blood vessels, likely caused by a failure of 

remodeling of the primary yolk sac capillary plexus into a more complex network of blood vessels 

and their branches (Fig.2 C,D). Despite this striking defect, there appeared to be a normal 

comection between the embryo and the yolk sac vasculature as well as chono-allantoic fusion (data 

not shown). 

The failure of blood vessels to become organized into large and small vessels was also 

apparent in the cephalic region as determined by whole mount analysis of embryos stained with 

P E C M ,  an EC specific antigen (Fig. 2E,F). Blood vesse1 development in the double mutant 

embryo failed to proceed to the dorsal portion of the body, and the vessels that were present were 

not properly organized into small and large channels (Fig. 2F) when compared to a wild type 

littermate (Fig. 2E). Mutant embryos also exhibited poor branching structures of the blood vessels 

in the head (Fig. 2H). The presence of some cells weakly expressing Lac2 outlining the blood 

vessels suggests that some vascular channels had arisen at an earlier stage, but that the extent to 

which a network of various sized vessels c m  form was greatly reduced cornpared to control 

littermates (Fig. 2G). Moreover, the integrity of vesseIs in this region in mutant embryos was 

noticeably cornpromised, although obvious sites of hemorrhage m d  blood pooIing were not 

evident. 

Another prominent feature of double mutant embryos was the striking reduction of 

endocardial tissue in the cornrnon atrial and ventricular chambers and the accompanying lack of 

myocardial trabeculation in the ventricle, although both endocardial and myocardial ceil layers were 

clearly present in mutant ernbryos at E9.0 (Fig. 20 .  A thin myocardial layer, poor maintenance of 

endocardial contact and absence of trabeculations in tielcz f e k @ / / t r i e ~ ~ z t e k ~ p  embryos likely 
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contributed to cardiac failure as a result of poor contractihty. In contrast, cardiac cushion formation 

at the atrio-ventricular junction was observed in mutant as weli as littermate hearts at E9.5 (data not 

shown) indicating that the absence of TEK and TIE in the developing heart does not appear to 

affect valve formation and perhaps other events in heart morphogenesis. 

It is interesting to note that we frequently observed reporter gene activity in non-EC types 

such as the neural ectoderm and surroundhg rnesenchyme in tielcz tek&~//tielcztekd but not t i e lc  

tekAW/++ embryos (Fig. 21,J and A,B). Such ectopic P-galactosidase expression did not 

represent the site of new blood vesse1 formation because PECAM-1 staining of double mutant 

embryos did not follow the same pattern (Fig. 2 8  vs F and data not shown). Instead, l a d  

expression in non-endothelial sites may reflect ectopic expression of the Tie gene whose 

expression is responsive to hypoxia (McCarthy et al., 1998). Cornpromised circulation leading to 

hypoxia in the mutant embryo is the likely cause of this response. 

Doubly homozygous mutant embryos also contained enlarged and highly distorted blood 

vessels instead of the small vessels seen in the dorsal, posterior portion of doubly heterozygous 

littermate embryos (Fig. 2K,L). Moreover, the mutant sornites were disorganized and exhibited 

signs of necrosis. In general, additional sites of tissue necrosis were observed to varying degrees 

in E9.5 mutants, and by E10.5 it was consistently severe throughout the embryo. 

At E8.5 and earlier, mutant ernbryos were the same size as their ti& tekW//++ and wild 

type littermates (data not shown). However, X-gal staining showed that although the major blood 

vessels such as the dorsal aortae and cardinal veins had forrned normally, the endocardium of 

tie[cztekb~//tielcztekb~ ernbryos was less extensive compared to tielcz tekhp//++ Littermates. 

The above observations suggest that the developmental failure in Tek and Tie deficient 

embryos occurs between day 8.5 and 9.5, the period in which yolk sac vasculogenesis is normally 

completed, the embryonic and extraembryonic vasculatures are fused and embryonic blood 

circulation begins. The tiel~~tek~~//tiel~~tekdrptek phenotype quditatively resernbles that of the Tek 

nullizygous embryos (Dumont et al., 1994; Sato et al., 1995). However, double mutants 

consistently showed an increased severity and earlier onset of the mutant characteristics, 

particularly poor cardiac development. 



Genetic interaction between Tek and Tie in cardiovascular development 

Embryos lacking TEK die at E10.5, three full days before the lethality associated with a 

nul1 mutation in Tie (Dumont et al., 1994; Sato et al., 1995 ; Puri et al., 1995; Chapter 2) 

suggesting that the presence of the T E  receptor is not sufficient to rescue embryos lacking TEK. 

To test directly whether TEK and TIE have partly redundant functions later in development, we 

generated embryos with one or two functional Tek genes in a genetic background in which the Tie 

gene was absent (Fig. 1B). Embryos were scored at E13.5 and earlier for developmental 

abnormalities since tielcz homozygous mutant rnice develop normdy to this gestational stage (Sato 

et al., 1995 ; Puri et al., 1995). Beginning at E9.5, development of the cardiovascular system was 

sensitive to Tek gene dosage in embryos lacking the T E  receptor (Table 1A). The most prominent 

phenotype observed in tielcztek@//tiezcz+ embryos was heart failure as evidenced by swelling of 

the pericardium (Fig 3B,C) and poor maintenance of the atrial and ventricular endocardium leading 

to hemorrhage within the heart (Fig 3E). Many ernbryos were dso reduced in size (data not 

shown) and showed poor maintenance of the blood vessels of the head and extrernities (Fig 3C), 

as well as edema and localized hemorrhage (data not shown). 

Together, these data suggest that the survival of embryos lacking the TIE receptor up to 

E13.5 and later depends on TEK, and therefore that these receptors share some overlapping 

functions during cardiovascular development. The severity of the tiezcztekb~//tiezcz+ mutant 

phenotype varied in the outbred genctic background (Table 1A, Fig 3A-C), suggesting that 

additional genetic modifier loci are affecting TEK and T E  function. It is important to note, 

however that the Tek and Tie single mutant phenotypes in this genetic background closely followed 

the pattern demonstrated in previous studies (Table 1B) (Dumont et al., 1994; Sato et al., 1995; 

Puri et al., 1995; Chapter 2). 



Figure 3. Phenotypic comparison of tiekztebsp//++ and Tek gene dosage 
compromised Ee mutant embryos 

(A) Whole mount X-gal stained El 1 -5 tieiczte&p!/++ cornparrd to (B,C) 
tiellr/tek~qli/hielcz+ Iittrrmates. Ernbryo in (B) shows slight pericardial edema 
and vesse1 disorganization compared to (C) which exhibits serious rnlargernrnt 
of the heart, dimin ished endocardial staining and extensive deterioration of vrssels 
in the intersornitic region and head (zrrows). @) Transverse section through heart 
of tie~ctteh~p!l++ embryo and (E) tieimtek&!tiec embryo showing intra- 
cardial bIood pooling and reduced myocardial trabeculation. 



Generation of double mutant chimeras 

The rapid deterioration of double mutant embryos by E9.5 hindered an examination of the 

ability of ECs lacking TEK and TIE function to undergo angiogenic sprouting and vesse1 

maturation, processes that have previously been suggested to be mediated by Angl/TEK and TE 

signalling (Folkrnan and D'Amore, 1996; Sato et al., 1995; Suri et al., 1996; Wang et al., 1998). 

We therefore produced chimeras by aggregating morula stage C D 4  wild-type embryos and 

embryos generated in a cross between two strains of doubly heterozygous parents which carried 

the distinguishable mutant tielcz and tielcm- alleles (Fig. 4 and Materials and Methods). The 

presence of the lac2 gene targeted into the Tie locus made it possible to identiQ ECs derived from 

dou b1 y homozygous ( t ielcztek~~// t ie[crn- tekhp)  or doubly heterozygous ( t ie lcz tekb~/ /+  + or 

tieiczntekkpf/++) embryos by P-galactosidase staining and to compare their behaviour within the 

context of a wild-type environment. Chimeric animals of al1 genotypes were anaiysed at E10.5, 

E l  5.5 and as adults (Table 2). 

Doubly homozygous mutant ECs contribute normally to al1 vascular structures 

except the atrial and ventricular endocardium at E10.5 

There was a ciear difference in the ability of cells lacking both TEK and TIE to contribute to 

the atrium and ventricle of the heart (Fig. 5C, D) when compared to doubly heterozygous cells 

(Fig. SB). Bistologicai analysis confirmed the presence of a large proportion of P-galactosidase 

positive endocardial cells in the atrium and ventricle of tielcztekAp//++ <-> CD-1 chimeras (Fig 5 

M,O) but mostly wild-type, unstained endocardial cells in these structures in corresponding 

chimeras with t i e l ~ ~ t e k ~ ~ / / t i e ~ c z n -  tekhp embryos Fig. 5 N,P). However, the endocardium of the 

outflow tract showed sirnilar contribution by both mutant and heterozygous cells (Fig. SB-D and 

WN).  

In contrast to the exclusion of Tek and Tie deficient cells from a specific endocardial ce11 

population, there were no obvious differences in the ability of such ceils to contribute to the blood 

vessels penneating al1 other anatornicai sites in the embryo, including the head, branchial arches 

and limb buds (Fig 5B-F). Moreover, double mutant cells contributed readily to blood vessels of 

various sizes, showing an obvious presence in large vessels such as the dorsal aorta (Fig. 5L) as 
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Figure 4 
(A) Experimental strategy for generation of doubly homozygous mutant chimeras. 
Production of chirneras by the morula-morula aggregation strategy 
(B) Determination of the extent of chirnerïsm by GPI-1 isoenzyme analysis of tail, lirnb or liver 
tissue samples of the chirneras shown in Figs. 4-7. Lanes 1 and 2: 100% and 50% t i e k ~ t e k @ ~ + +  
ce11 derived chimeras shown in Fig.5A and B respectively. Lane 3: 50% tielcztekb~''tiel~zn-rekdrp 
ce11 derived E10.5 chimera shown in Fig. 5C. Lanes 4 and 5; 100% and 50% tielcztekApflf+ ce11 
derived E15.5 chimeras shown in Fig. 6A7B and Fig. 6C7D respectively. Lane 6: 50% 
ielc~tek*s~//tielczn-tekAsp ce11 derived E 15.5 chimera shown in Fig. 6E,F. Lane 7: 70% 
ie[cztekAsp//tie[czn-tekAsp ce11 derived adult chimera shown in Fig. 8C7F,I,L. Lane 8 : 70% 
tie1~ztekApfl++ cell denved adult chirnera shown in Fig. 8B,E,H7K. 



A 1. Generate two strains of recombinant doubly heterozygous mice: 

2. Set up two crosses 

CD-X CD-1 tietCz f ieIczn 
X 

GPIbb GPIbb 
++ 

(tiehtekw//++) (tielan-tekhP//++) 
\i 3. Generate chimeras 

GP=U/ GP=" 

4. Genotype chimeras 
tieIcz and tiek"n- - allele= (tielQ te kJWt iejan- te kAsP) 

doubly homozygous mutant chirnera 

tiel" - or tieImn- allele= (tieia tekA"//++) or (tieIczn- tekAsp//++) 
doubly heterozygous control chimera 

neither mutant Tie allele= (++//++) 
wild type control chimera 

5. P-galactosidase staining: 
contribution of mutant and controi cells to vasculature 
at E10.5, E15.5 and adult 

6. GPI-isozyme analysis 
overall extent of chimerism 
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Figure 5. Analysis of t i e ~ c z t e k A s ~ / / t i e l c z n - t e k ~ s p  ce11 contribution to the heart and 
vasculature of chimeras at El0.5 
(A,B,C,D) Whole mount X-gai stained chimeras at E10.5. (A) 100% tielcztekhp//++ embryo 
denved chimera as control for Lac2 staining in d l  blood vessels and the endocardium at this stage. 
(B) control chimera derived from 50% t i e k e k @ / / + +  cells shows uniform contribution to d l  
blood vessels and the endocardium. (C,D) chimeras composed of 50% tieZcztek~~//tie~czn-tek~p 
cells exhibit normai growth and development, and mutant ceU contribution to al1 vascular structures 
except the atrium and ventricle 
(E) Tmnk region of X-gal stained chirnenc embryo derived from 50% tieZcztekhp//++ cells and 
( F )  equivalent tiel~ztekb~//tielcz~-tek*~~ c himera w hic h shows tiel~~tek~~~//tiel~zn-tekds~ E C 
contribution to limb bud vasculature, intersornitic vessels (arrows) and their branches, and 
nurnerous dorsal capillaries 
(G) Yolk sac of X-gal stained chimeric embryo derived from 50% tielcztekbW++ cells and (F) 
equivalent rie[cztek~~//tie~~~-tek~p chimera which shows normal vasculature and contribution by 
mutant cells to all vessels. 
(I-P) Histological analysis of 50% t i e b e k @ / / +  + ce11 derived (I,K,M,O) or t i e lc~rek~p/ / t i e ic~n-  
tekAsp derived (J,L,N,P) chimeras. (1,J) Transverse histology through neural tube. 
tielcztekh~//tiel~m-tekbp chimera (J) shows normal sprout formation into the neuroectoderm from 
the perineural vascular plexus (arrows) and contribution by mutant cells to capillaries permeating 
the surrounding mesenchyme. (K,L) Desceoding dorsal aorta. In (L) tieZcztek~s~//tiekin-tek~s~ 
ce11 contribution to endothelium of this vesse1 is as extensive as by t i ezcz tekb~/ /++ cells ( K ) .  
(M,N) Transverse histology through the heart. t i e [ c z t e k A ~ ~ / / + +  cells readily contribute to 
endocardium of atrium, ventricles, and outflow tract (M) but endocardial cells are primarïly wild 
type derived in atrium and venticles of tiel~ztek~~//tiel~~-tek~~ chimera (N). Note contribution by 
tiel~ztekkp//tklcm-tekdrp cells to endocardium of outflow tract. 
(0 ,P)  High power view of ventricles. tielcztekAs~//tielcz"-~ek~~p cells are reduced in the 
endocardium (arrow) compared to tiezcztekdsP/++ chimera, but trabeculation is normal. 
Abbreviations: ot: outfiow tract; rv: right ventricle; IV: lefi ventricle; Ib limb bud; pnvp: perineural 
vascular plexus; da: dorsal aorta; v: ventricle 
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weii as in numerous smailer vessels and capillaries throughout the body. Ln these chimeras, double 

mutant ECs were also capable of giving rise to angiogenic sprouts such as those in the intersomitic 

area (Fig 5F) which &se in part from the dorsal aorta (Coff~n and Poole, 1988) and aiso in the 

neural tube (Fig 5J) which is vascularized by angiogenic sprout formation from the sunounding 

perineural vascular plexus and by invasion of migratory angioblasts (Stewart and Wiley, 198 1; 

Noden, 1991c; Kurz et  ai., 1996). Finally, we observed that Tek and Tie deficient cells were also 

present in the blood vessels of the extraembryonic circulation including the vessels of the yolk sac 

(Fig. 5H ) and those of the fetai component of the placenta (data not shown). 

Remarkably, ail tielcztek@//tieIcm- t e k h ~ c - >  CD-I chimeric embryos of the type shown 

in Figure 5 were rescued of d l  of the deleterious charactenstics associated with the doubly 

homozygous mutant phenotype. For instance, the wild-type composition of the ventricular 

endocardium in such chimeras was associated with the presence of normal trabeculae. In such 

embryos, the major blood vessels of the head were correctly remodelled into large and srrial1 sized 

vessels, as were the vessels of the yolk sac vasculature. Additiondly, rescued chimenc embryos 

were of a size that was comparable to their equivalent littermate chimeras derived from doubly 

heterozygous or wild type cells (Fig. SA-D and data not shown). 

As indicated in Table 3, the doubly homozygous mutant chimeras described above 

represented approximately 40% of al1 tielcqekb~//tie~çz"-tek~p c-> CD- I chimeras. and d l  were 

composed of 60% or less mutant cells as judged by GPI analysis (Fig. 4B). In contrast, an equal 

number of rielcztekbp//tieicm-tekbp <-> CD- 1 chimeras displayed phenotypic features identical to 

those of the doubly homozygous mutant ernbryos shown in Figure 2. These chimeras (13/15) were 

essenûaily entirely derived from mutant cells as judged by GPI analysis. Other strong chimeric 

embryos containing endocardium derived from mutant cells, but which were heaithy, were found 

at approximately the predicted recombination frequency between Tek and Tie loci. Phenotypicaily, 

these embryos resembled Tie-/- chimeras as described previously (Partanen et al., 1996), and we 

therefore assume they are chirneras derived from recombinant morulae. 



Table 2 Distribution of genotypes of embryonic and adult 

chimeras 

stage + +  +/- 4- totd # animals 

El0-5 total 47 92 38 177 
% 26.5 52 21.5 

E15.5 total 20 45 I l  79 
% 25.3 60.7 14 

addt total 14 6 4 24 
% 58.3 25 16.7 

Table 3 Phenotype distribution of E10.5 double mutant 
chimeras 

phenotpe total - % 

A rescue (50% or less contribution 15 40 
by double mutant cells, absent in endocardium) 

B no rescue (50% and greater contribution 15 40 
by double mutant ceils, present in endocardium; 
embryo shows double homozygous mutant 
p heno type) 

C back recombinant (up to 100% contribution 
no deleterious phenotype) 

D complete exclusion of DM ceils from 
aU vascular structures 



Doubly hornozygous mutant cells were significantly underrepresented in most 

blood vesseis in E15.5 chimeras 

We next evaluated chimeras at E15.5, an advanced stage of fetal development when many 

events of organogenesis and vascularization of organs have been completed. The contribution by 

doubly homozygous mutant ceils to the vasculature in chimeras (n=8) in which 40-60% of the ceEs 

were derived from the mutant ernbryo, was significantly reduced (Fig. 6E-H; Fig. 4B)). In 

contrast, moderate chimeras generated frorn doubly heterozygous (tielc-'tekbp//++ or rielczn- 

tek As^//++ ) embryos, composed of 40-60% doubly heterozygous cells (n=16), as well as 

stronger chimeras with doubly heterozygous cells (n=26) contained significant numbers of P- 

galactosidase positive cells in most organs (Fig 6C,D and A,B respecüvely; Fig. 4B). 

The blood vessels of chimeric ernbryos derived from double mutant morulae were 

essentially only of wild type origin in the capillaries of the rnidbrain, kidney, lung, heart and liver, 

(Fig 7C,F,I,L,O) as well as stomach intestine, and skeletal muscle (data not shown). In most 

tielc~tek~~//tie~c~-tekdr~ c-> CD-1 chimeras, the aorta was also devoid of ECs of double mutant 

ceil origin (data not shown). In the heart, dthough the endocardium was derived from wild type 

cells in al1 chirneras examined, mutant ECs occasionally populated the blood vessels which 

permeate the myocardial tissue (data not shown). Weak contribution by double mutant cells t o  

larger vessels of the skin and to blood vessels of the rneninges surrounding the brain and spinal 

chord was also observed in these chimeras (Fig. 6E,F; Fig. 7C). 

In contrast to the behaviour of doubly homozygous mutant cells in the E15.5 ernbryo, 

doubly heterozygous cells were capable of contributing to virtuaily a i l  blood vessels and capillaries 

of the E15.5 embryos in strong chimeras (~80% doubly heterozygous cells as judjed by GPT 

analysis), (Fig. 7A,D,G,J,M). Sirnilar observations were made for other organs including the 

intestine, stomach, skeletal muscle and limbs as well as for the aorta and blood vessels of the 

intercostal region (data not shown). 

In al1 moderate chimeras composed of 40-60% tielcztek-//++ or tielcm-tekbp//++ cells 

(n=l6), doubly heterozygous cells contributed to the blood vessels in the brain, rneninges, kidney, 

the rnicrovasculature of the heart, the endothelium of the lung, (Fig. 7B,E,H,G,K) skin (Fig 6D), 

intestine, stomach, skeietal muscle and aorta and intercostal vessels (data not shown). Contribution 
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Figure 6. Whole mount analysis of t i e lcz tekAsp/ / t ie l~zn- tekAs~ ce11 contribution to 
the vasculature of E15.5 chimeras 
X-gal stained chimeras derived from ti&tek@//++ ernbryos, (A-D) and tielcztek&p//tiekzn- 
tekAs?' embryos ( E - H ) .  (A,B) strong (90-100% by GPI isoenzyrne anatysis) t i ekek*sp / /++  
chimera showing contribution by t i e b e k h p / / + +  cells to al1 ECs of the embryo. (C,D) rnoderate 
~ i e k e k b p / / +  + chimera (50% overall contribution b y tieicztek@//+ + cells) show ing contribution 
of t iebekdsP/++ celis to endotheliurn of the interna1 organs, meninges, facial structures and skin. 
(E-H) moderate tiezcztekbp//tielc"-tek@ chimeras (50% mutant ce11 contribution) demonstrating 
lack of mutant ce11 contribution to most vascular structures. 



Figure 6 



Figure 7. Histological cornparison of t i e k e k A s ~ / / + +  and t i e l c z t ekd~~ / / t i e l c zn -  
t e k m  ceil contribution to E15.5 embryonic vasculature 
Brain (A,B,C); kidney (D,E,F); lung (G,H,I); heart (J,K,L); and liver (M,N,O) sections 
from X-gal stained E 15.5 chimeras. A strong (90%) tie[cztekAs~//+ + <->CD- I chimera 
(A,D.G,J,M) shows suong contribution of ti&tek@//++ cells to ECs of ail organs. A moderate 
(40-50%) tielcztekAs~//+ + <-CD-1 chirnera (B,E,H,K,N) shows t i e k e k A ~ ~ / / +  + ce11 
contribution to ECs, but contribution in kidney, brain and liver is reduced. A tiekekbp//tiezcz+ 
tek- <->CD4 chimera (C,F,I,L,O) shows no contribution by mutant cells to vasculature of any 
tissues except the meningeal tayer of the brain. 
Arrows indicate vessels showing EC contribution by double mutant or doubly heterozygous cells; 
arrowheads denote vessels with ECs of wild-type origin. 
Abbreviations: me: meninges; g: glomerulus; b: bronchiolus; en: endocardium 
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to the endocardium of the heart, capillaries in the brain and kidney glornemli was markedy reduced 

in these moderate chirneras (Fig. 7B,E,K) and doubly heterozygous ceils in all such chimeras were 

almost entirely excluded from the vessels of the liver (Fig. 7N). 

The results presented above indicate that there is an absolute requirement for both TEK and 

T E  in virtually ali  vascular structures of the ernbryo by E15.5 of gestation. Also, even doubly 

heterozygous cells are at a cornpetitive disadvantage with wild type celis during development of 

endotheiiurn of certain tissues such as kidney, brain and liver. 

Both doubly homozygous and doubly heterozygous cells were absent from blood 

vessels in adult chimeras 

To address the role of TEK and T E  in the fully mature vasculature, we allowed some 

aggregation chimeras to reach adulthood. The organs were then dissected and assessed for their 

overalI levels of contribution by GPI andysis, as well as for X-gal staining. As shown in Table 2, 

there was a severe reduction in the number of adult chirneras with measurable contribution from 

either mutant or even doubly heterozygous cells. The majority of surviving adult animals were 

genotypically wild type with a depletion of chimeras derived from double mutant or doubly 

heterozygous morulae. 

Of four adult chirneras derived frorn doubly hornozygous mutant rnorulae, one showed a 

contribution Ievel of 40-50% in al1 organs (Fig. 4B), whereas the remaining three chimeras were 

composed of only 15-30% of mutant cells as assessed by GPI isozyme analysis. Histological 

analysis of the P-galactosidase staining profdes indicated that mutant ECs were completely absent 

in blood vessels of virtually any organs tested including the brain, kidney, lung, and h e m  

microvasculature (Fig. 8C,F,I,L), as weIl as skeletai muscle (not shown). 

Interestingly, the blood vessels of equivalent chimeras generated from doubly heterozygous 

embryos were also lined almost entirely with wild type endothelium (Fig. 8B,E,H,K). The lung 

occasionally showed some contribution by these cells, although their contribution was generally 

not extensive (data not shown). 

Al1 organ staining patterns were compared to the pattern for an age matched control t ielc~/+ 

animal (Fig 8) to rule out the possibility that the lack of EC specific staining in the chimeras was 
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Figure 8. Histological cornparison of t i e k  e kAsW/++ and t i e k z t e  k ~ W / t i e l c r " -  
tek As^ ce11 contribution to addt vasculature 
Brain (A,B,C); kidney (D,E,F); heart (G,H,I) and lung (J,K,L) sections from X-gal stained 
organs of adult ti&z/+ control mouse (A,D,G, J) ; t i e k e k b p / / +  + <->CD- 1 chirnera (B ,E,H,K) 
and tielcztek~p//tie~~~~-tek~p <-,CD4 chimera (C,F,I,L). Arrows indicate vessels showing EC 
contribution by double mutant or doubly heterozygous cells; arrowheads denote vessels with ECs 
of wild-type origin. 
Abbreviation: g: glomerulus 
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not the result of downregulation of the lac2 reporter gene. Moreover, both doubly mutant and 

doubly heterozygous cells still gave rise to non-vascular celis in ail of the tissues tested, indicating 

the specificity of the fack of contribution to the endothelium. One exception to this result was in the 

peripheral blood: although we invariably detected mutant and heterozygous circulating blood ceiis 

by GPI isozyme analysis, the contribution to the peripheral hematopoietic system was always at a 

lower level than for other organs fiom the sarne animal. 

These results support our findings at E15.5 in which we observed an absolute requirernent 

for both TEK and TIE in the established vasculature. By the adult stage the requirement for the 

presence of functional TEK and T E  in the mature vasculature is additionally sensitive to gene 

dosage. 

DISCUSSION 

Major challenges in the study of cardiovascular development are to resolve the origin and 

mode of determination of ECs, to establish the molecular mechanisms of vascular morphogenesis, 

and to determine the molecular ba is  of blood vessel remodelling and maturation. Our studies have 

focused on the elucidation of the function of TEK and T E  tyrosine kinase receptors in these 

processes using mutational and mosaic analyses in the mouse embryo. The results presented here 

show that these receptors play a role in ECs at different stages of development: f ~ s t  in the heart 

endocardium in early gestation, subsequently during maturation and angiogenic expansion of the 

vasculature in late embryogenesis, and finaily throughout the quiescent endothelium of the adult. 

Function of TEK and TIE during embryogenesis 

Previous studies clearly demonstrated that Tek and Tie are both expressed in angioblasts, that is, in 

EC precursors prior to tube formation and vessel maturation (Dumont et al., 1992; Sato et al., 

1993; Schnürch and Risau, 1993; Dumont et al., 1995; Korhonen et al., 1994). Despite this 

overlapping expression pattern, embryos lacking both receptors have ECs and survive up to at least 

E9.0 with a basic, albeit poorly functioning circulatory system. Furthermore,Tek and Tie deficient 

embryonic cells conîribute to virtually di blood vessels of the E10.5 chimeric embryo. Thus we 

conclude that TEK and TE do not share redundant essential functions in vasculogenesis, the initial 
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differentiation of ECs. 

Doubly homozygous mutant embryos exhibited features of both Tek and Tie single 

mutants. For instance, distinct Tek mutant characteristics including a comprornised endocardium 

and poor vascular network formation (Dumont et al., 1994; Sato et al., 1995), as well as the 

localized edema specific to Tie -/- mutant embryos (Sato et al., 1995; Puri et al., 1995; Chapter 2) 

were all observed in t i e l c ~ t e k ~ p / / t i e ~ t e k ~ p  rnice. Furthemore, the overd  condition of the double 

mutant embryos was worse, and was also manifested earlier than the more severe Tek mutant 

phenotype, with virtually al1 double mutant embryos showing signs of growth arrest and severe 

necrosis by E10.0 to E10.5, a stage when recognizable Tek nullizygous embryos could still be 

recovered. These observations confirm that TEK and T E  signalling pathways mediate some 

distinct functions at the cellular level, previously inferred from the deleterious effects of each single 

mutant. 

This view may be supported by the fact that aithough the pnmary amino acid sequences of 

TEK and T E  show structural similarity, the overall amino acid identity is low especially in the 

extracellular domains. Accordingly, Ang- 1 and Ang-2, the Ligands for TEK do not bind TIE (Davis 

et al., 1996; Maisonpierre et al., 1997) signifying distinct mechanisms of receptor activation. 

Although the intracellular domains of these receptors are highly similar, several tyrosine residues 

are not conserved, suggesting possible differences in the downstrearn signailing mechanisms and 

thus cellular effects of the two receptors. Finally, the recently identified Zebrafish Tek and Tie 

homologues, 2-Tie-2 and Z-Tie-l respectively, showed related but distinct patterns of expression 

in the zebrdish vasculature indicating that separate genes with discrete hnctions have been retained 

through evolutionary tirne (Lyons et al., 1998). 

In addition to these non-overlapping roles for TEK and T E  in development, we have also 

demonstrated evidence for genetic interaction and some overlapping biological function during 

development. Embryos lacking both copies of Tie are particularly sensitive to Tek gene dosage in 

cardiovascular development. We conclude that these receptors can both mediate sornewhat sirnilar 

functions during cardiogenesis and development of the vasculature. 

A major objective of the chimeric analysis of embryos at E10.5 was to elucidate the prirnary 

defects leading to the multiple cardiovascular abnormalities exhibited by embryos lacking both 
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TEK and T E .  The presence of doubly homozygous ECs in essentially al1 vascular structures 

except the endocardium implicates comprornised circulation due to poor endocardial function as a 

fundamental cause of death in doubly homozygous mutant embryos. The initial specification of the 

endocardium does not require TEK and T E  since ceils with endocardial morphology are clearly 

present even in tiekztekdrp//tieZc~tekhp embryos. The functional significance of contact between 

endocardium and early myocardium for subsequent myocardial trabeculation has been clearly 

dernonstrated for other growth factor-receptor systems including the neuregulinlErbB2/ErbB4 

farnily as well as ephrin-B2 and its receptor Eph-B4 (Gassmann et al., 1995; Krarner et al., 1996; 

Lee et al., 1995; Meyer and Birchrneier, 1995; Wang et al., 1998). Since heart development is 

normal in Tie mutant embryos and the endocardial defect is completely penetrant in Tek 

homozygous mutants, signalling by TEK in ihis tissue is more criticai than that of TIE which may 

reflect the earlier expression of Tek in the endocardium (Dumont et al., 1995). This view is 

supported by our previous finding that Tie homozygous mutant ECs showed no reduction in the 

ability to contribute to and remain part of the mature endocardium even by adulthood in chirneras 

(Partanen et al., 1996; Chapter 3). The stringent requirement for functional TEK in the 

endocardium is underscored by the exclusion of Tek and Tie deficient cells from this structure in al1 

E10.5 chimeras that were visibly rescued of the deleterious features of the double mutant 

phenotype. 

Recently, Takakura et al (1998) have reported a defect in early definitive hematopoiesis in 

Tek nullizygotes which are pale and anemic at dissection, as are t i e z ~ ~ t e k ~ / / t i e l ~ ~ e k m  embryos. 

This observation suggests that there is either an intrinsic ce11 autonomous requirement for TEK in 

hematopoiesis, or that TEK is required indirectly to establish an approporiate rnicroenvironment for 

hematopoiesis. The appearance of tielcz t ekk~/ / t i e l c~- t ekhp  ce11 denved hematopoietic cells in the 

peripheral blood of chimeric adults suggests that the apparent block in hematopoietic ce11 

differentiation in double mutant rnice has been overcome by restoration of the appropriate 

rnicroenvironment. Thus we conclude that TEK is involved in establishing the correct vascular 

microenvironment for hematopoiesis to proceed. 



TEK and TIE are not essential for angiogenic sprout formation and vessel 

remodelling during early embryogenesis 

Previous studies have suggested that TEK is required for angiogenic sprout formation 

during angiogenesis (Sato et al., 1993; Suri et ai., 1996). Tek deficient ECs are also incapable of 

in vitro sprout formation in response to Ang- 1 (Koblizek et al., 1998). In addition, Tek-/- and 

Ang-I-/-embryos exhibited a prominent defect in blood vessel remodelling. A paucity of pericytes 

and smooth muscle cells at sites of defective vessel branching was noted in Ang-l and Tek 

defective embryos, as well as in human patients with vascular dysmorphogenesis disorder due an 

activating mutation in TEK (Patan, 1998; Suri et al., 1996; Vikkula et al., 1996). These findings 

have led to the suggestion that Ang-1îTEK signal transduction indirectly mediates perivascular ce11 

recruitrnent to the vessel wall during development by stimulating the release of chemoattractant 

growth factors (Folkman and D'Arnore, 1996; Vandenbunder, 1997; Vikkula et ai., 1996) 

These phenotypes occur either in vitro or within the context of a dying embryo, making it 

hard to distinguish between primary and secondary phenomena. To circumvent this dilemrna, we 

analysed the developmental potential of embryos lacking both TEK and T E  in chimeras in which 

normal heart function is restored due to the presence of wild-type cells. In this situation, double 

mutant cells contributed to virtually al1 blood vessels including those participating in angiogenic 

sprouting. Furthemore, the presence of even a large number of tielcztek@//ttietczn-tekhp cells in 

the developing vasculature in this chimeric environment did not lead to abnomal vessel 

morphology, nor did it prevent the early steps of vessel rernodelling such as the reorganization of 

the uniforrn capillary plexus of the yolk sac vasculature to a network of variously sized vessels. 

This outcome was not the result of wild-type rescue of the extra-embryonic circulation since Tek 

and Tie deficient cells readily contributed to both the yolk sac and placental vasculatures. These 

results strongly suggest that TEK and TIE are not directly necessary for the processes of early 

angiogenic sprout formation and peri-endothelid cell recruitment in extraembryonic and embryonic 

tissues, and that these deficiencies in Tek-/- and tieLcztek@//tielcztekbp mice are secondary to 

endocardial and hematopoietic defects. Due to the nature of our chimenc assay, we cannot exclude 

the possibilty that growth factors necessary for penvascular ce11 recruitment were provided by 

wild-type cells inherently present. However, taking into account the prominent selection against 
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doubly hornozygous mutant ECs in later stage chirnerk embryos and in the adult, we favour the 

view that TEK and TIE play a ce11 autonomous role in the endothelium at ail stages of life. 

Requirement for TEK and TIE in the mature vasculature 

Our studies have addressed the roles of TEK and T E  in the mature vasculature using 

chimenc rescue to reveal functions for these receptors obscured by earlier embryonic lethality of 

the double knockout embryo. ECs lacking functional TEK and T E  were clearly absent from 

virtudly al1 vascular endothelia of adult tissues. This result identified an essential, ongoing role for 

TEK and T E  in quiescent ECs, suggestive of a primary function for these receptors in EC 

maintenance. The sustained phosphorylation of TEK in the adult endothelium (Wong et al., 1997) 

and widespread adult expression of Ang-f suggest that this maintenance role involves active TEK 

signalling. The physiological importance of the TEWTIE mediated survival signal is underscored 

by the cornpetitive disadvantage displayed by doubly heterozygous ECs in adult chimeras, and also 

by the strikingly diminished survival to adulthood of chimeras derived from doubly homozygous 

mutant embryos. 

Our previous studies of Tie chimeras also demonstrated a requirement for T E  in the adult 

endotheliurn of most tissues. However, in these chimeras, selection against Tie-/- ECs from 

several tissues including h g ,  kidney and adrenal occurred gradually during the late embryonic 

and postnatal penod (Partanen et ai., 1996; Chapter 3). In conuast, t i e b e k @ / / t i e b - t e k b p  cells 

were excluded from virtually al1 endothelia by E15.5 of embryogenesis. This difference implies 

that TEK, aithough it is not n e c e s s q  for vasculogenesis or early angiogenesis, is required earlier 

than TE by the maturing vascular endothelium in particular vascular beds. 

A specific requirement for TEK in maturing endothelia is illustrated in the hem,  which 

when fully developed contains discrete populations of ECs that arise at distinct gestational stages 

from diverse angioblast populations. We have shown that T E  function is not strictly required in 

any heart ECs (Partanen et al., 1996), provided that wild type levels of TEK are present (this 

work). Selection against tie[cztekdrp//tielczn-tekkp cells was fxst evident in endocardial cells of the 

atria and ventricles by El05 These cells differentiate during the late primitive streak stage and 

play an active role in subsequent myocardial differentiation pnor to and at the onset of initial 

138 



cardiac contraction. We observed that at E10.5 when these endocardiai cells were at a clear 

cornpetitive disadvantage relative to wild type cells, tie[cztekh~//tti,[~z~-tekbp cells contributed 

normally to the outflow tract (OT) endothelium. Fate mapping studies in the chick have 

dernonstrated that OT endothelium arises independent of and after endocardial differentiation 

(Noden, 1991a). This suggests that at E10.5, OT endothelium represents a younger EC population 

whose requirement for TEK is not manifested until its further differentiation into the inner lining of 

the vesse1 derivatives of the OT. Accordingly, tielcztekbp//tk[czn-tekhp cells were found to be 

absent from the endothelium of OT denved vessels. Finaily, the myocardial rnicrovasculature 

which forms by invasion of angioblasts from an extra-cardiac source at an even later stage of 

embryogenesis (Gittenberger-de Groot et al., 1998; Poelmann et al., 1993), showed some 

contribution by Tek and Tie deficient cells at El5.5, but was composed primanly of wild type cells 

when analysed in the adult doubly homozygous mutant chimeras. These examples strongly support 

a prirnary and ce11 autonomous role for TEK in maturing endothelia during embryonic 

development. 

In conclusion, our studies have demonstrated that TEK and T E  do not mediate a redundant 

function in angioblast differentiation during early vascular developrnent. Contrary to previous 

inferences, TEK does not appear to be required for early angiogenic sprout formation, angiotrophic 

growth, or perivascular ce11 recruitment. Rather, we conclude that the TEK and TIE RTK 

subfamily supports maturation and maintenance or survival of ECs from late gestation throughout 

the life of the animal. This ongoing requirement for TEK and T E  to maintain the integrity of the 

vasculature in the adult makes these receptors and their intracellular signalling pathways likely 

targets for involvement in disorders involving angiogenesis and neovascularization such as cancer 

and cardiovascuIar disease. 
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Endothelial ce11 specific expression of T e k - l a c 2  transgenes during mouse 

embryogenesis. 



SUMMARY 

Expression of the murine Tek (Tk-2)  receptor tyrosine kinase (RTK) gene is specific to 

endothelid cells @Cs) and their angioblast precursors during embryonic development. Consistent 

with this restricted expression pattern, mouse embryos homozygous for a targeted germ-line 

mutation in the Tek gene die by E9.5 as a consequence of a compromised vascular systern. To 

define the cis-acting DNA elements responsible for the developmental and tissue specific 

expression of this essential gene, we have studied the capacity of Tek 5' DNA flanking sequences 

to drive reporter gene expression in the endothelium of transgenic mouse embryos. A transgene 

containing 2.3 kb of Tek genornic DNA directed lac2 expression in a manner which accurately 

reflected that of the endogenous Tek gene during early embryogenesis. B-gaiactosidase expression 

was initially detected in the early yolk sac vasculature of the late head-fold stage embryo, and 

expression continued in most extra-embryonic and intra-embryonic ECs during sornitogenesis. 

Promoter elements conferring lirnited EC specific expression were further localized to 

approximately 900 bp upstream of the first ATG codon, a region which showed high sequence 

identity to the corresponding sequences upstream of the human TEK coding region. These results 

have identified cis-acting sequences that cm be used to direct expression of other genes to the EC 

lineage during early vascuiar development and should facilitate the identification of the trans-acting 

factors that regulate expression of this EC specific gene. 



INTRODUCTION 

Vascularization of the embryo dunng development is required to provide nutrients and 

oxygen to growing tissues, as weli as for the rernovd of waste generated by cellular metabolism. 

In amniote organisms, endothelial celis (ECs) differentiate early in embryogenesis and provide the 

framework around which the vascular system is subsequently organized. (Noden, 199 1 ;Cofftn and 

Poole, 199 1) (for reviews see: Risau, 1997; Wilting and Christ, 1996; Risau, 1995; Wilting et al., 

1995)). Vascular formation during embryogensis has been divided into at least two stages based 

largely on irnmunocytochemical analyses of avian embryos and transplantation chimeras. 

Vasculogenesis is characterized by the in siru differentiation of mesodermally derived EC 

precursors, the angioblasts, and either their irnmediate aggregation to form an endothelium, or their 

migration through the embryo and eventual organization into vascular channels. The larger vascular 

network of the early embryo, comprising the dorsal aorta, the endocardium of the heart, and the 

cardinal and vitelline vessels, is formed by this process (Coffin and Poole, 1991; Coffin et ai., 

199 1 ; Pardanaud et al., 1987; Sugi and Markwald, 1996). In contrast, the subsequent sprouting 

and organization of preformed ECs into blood vessels is referred to as angiogenesis, and is 

responsible for the vascularization of organs such as the brain and kidney, as well as for the 

formation of the smaller vessels and the microvasculature (Pardanaud et al., 1989; Pardanaud et 

al., 1996; Couly et al., 1995; Sariola et al., 1983; Stewart and Wiley, 1981). 

Two subfamilies of receptor tyrosine kinases (RTKs) are expressed primarily in ECs 

during embryonic development. One subfamily includes the receptors for vascular endothelial 

growth factor (VEGF) farnily of polypeptides: vascular endothelial growth factor recep tor 

(VEGFR)-1 (Flt-l), VEGFR-2 (Fk-1) and VEGFR-3 (F'lt-4). The second group consists of TEK 

(TIEZ), the receptor for the recently identified angiopoietin-l (Ang- 1) and angiopoietin-2 ( h g - 2 ) ,  

and T E  (TIE1) an orphan receptor (for reviews see: Mustonen and Alitalo, 1995; Folkman and 

D'Amore, 1996; Breier and Risau, 1996; Bussolino et al., 1997; Hanahan, 1997; Beck and 

D'Amore, 1997). The identification of these receptors, their cognate ligands as well as the 

downstream intracellular pathways controlled by these receptors is providing insights into the 

molecular mechanisms that control the proliferation, differentiation and migration of ECs during 

rnammalian vasculogenesis and angiogenesis. Furthemore, the recent genetic analyses of mice 
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with targeted null mutations in the genes for these receptors has supported and extended the two 

stage view of the development of blood vessels in mammais. For exarnple, embryos hornozygous 

for a targeted null mutation in the Flk-I gene die early in gestation due to the lack of formation of 

endothelial or hematopoietic ceiis (Shalaby et al., 1995), as a result of the blocked migration of 

angioblasts to the initial embryonic sites of vasculogenesis (Shalaby et al., 1997). In contrast, 

homozygous Tek and Tie mutant embryos die at E9.5 and E13.5 to b a h ,  respectively, as a 

consequence of the failure of the embryonic vasculature to expand. Notably, the initial 

differentiation of ECs is unperturbed in either of these mutants (Dumont et al., 1994; Sato et al., 

1995; Puri et al., 1995). In addition, analysis of chimenc ernbryos derived from normal embryos 

and Tie -/- embryonic stem (ES) cells has shown that Tie -/- cells can contribute fully to the 

formation of the major blood vessels (vasculogenesis) but are unable to give nse to the smaller 

blood vessels in the brain and kidney, for example, by angiogenesis (Partanen et al., 1996; Puri et 

al., 1995). Thus. these findings have provided a molecular basis for understanding the two 

discrete phases of vascularïzation, vasculogenesis and angiogensis that contribute differentially to 

the development of the mamrnalian embryo. 

Whereas the process of vasculogenesis may be particular to embryonic development, 

angiogenesis can occur throughout life during both normal physiological and pathological 

processes such as reproduction, wound healing and tumorigenesis. The identification of RTKs 

such as VEGFR-2, VEGFR- 1, TEK and TE, their cognate ligands as well as the downstrearn 

intracellular pathways controlled by these receptors is providing initial insights into the biochernical 

mechanisms that control the proliferation, differentiation and migration of ECs during 

vasculogenesis and angiogenesis. 

We and others have previously reported the cloning and characterization of the gene 

encoding mouse TEK, a I40kD protein with intrinsic tyrosine kinase activity (Dumont et al., 1992; 

Dumont et ai., 1993; Sato et al., 1993; Iwama et al., 1993; Schnürch and Risau, 1993). The Tek 

gene is expressed aimost exclusively in cells of the endothelial lineage. By RNA h situ 

hybndization analysis, it has been shown that Tek transcripts are present in the precursors of ECs, 

the angioblasts and also in ECs of growing blood vessels throughout embryonic development. Tek 

is f i s t  expressed at E7.5 in regions of the embryonic and extraembryonic mesoderm and allantois 
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that give rise to the vasculature. By midgestation (E8.5 to E10.5), Tek trmscnpts are observed in 

the EC lining of the heart, the endocardium, as well as in the ECs of virutally al1 embryonic 

vascular structures such as the dorsal aortae, the anterior and posterior cardinal veins and the 

vitelline and urnbilicai vessels. The microvasculature of the head also expresses high levels of Tek 

from the onset of its differentiation by angiogenesis. (Dumont et ai., 1995; Schnürch and Risau, 

1993; Sato et al., 1993) The essential role of the signaLling pathway mediated by the TEK RTK 

during embryonic vasularization has been further demonstrated by the sirnilarly defective 

vasculatures of tek and ang-l mutant mice (Suri et al., 1996) as well as by the developmental 

abnormalities associated with overexpression of h g - 2 ,  a TEK receptor antagonist (Maisonpierre 

et al., 1997). 

We have used a transgenic approach to identiw the cis-acting regulatory DNA sequences 

controlling the lineage- and developmental stage-specific expression of Tek. This analysis has 

defined a 2.3kb genomic region capable of accurateiy directing the expression of the E-coli lac2 

reporter gene in a manner that accurately recapitulates rhe spatial and temporai pattern of the 

endogenous Tek gene during early mouse developrnent. Furthermore, weak EC specific 

expression of the IacZ reporter gene was observed for a transgene containing as little as 900bp of 

Tek genomic DNA upstream of the first ATG codon of Exon 1. Sequence analysis of the murine 

Tek prornoter and cornparison to the corresponding region of the hurnan TEK gene revealed high 

sequence homology as well as conservation of putative transcription factor binding sites for a 

number of families of mamrnalian transcriptional regulators. These findings should facilitate the 

identification of trans -acting factors which regulate Tek expression and possibly other EC specific 

genes during vasculogenesis and angiogenesis. 

MATERIALS AND METKODS 

DNA constructs 

The Tek - l a d  transgenes used in these studies were constmcted from genornic sequences 

obtained from a 129Sv mouse strain library (Dumont et al., 1994) The names assigned to the 

transgenes (T7.2, T2.3, T1.4, T0.9, and T0.3) indicate the length in kilobases of Tek upstream 

DNA sequences fused to the lac2 reporter gene (Figure 1). The two longest transgenes, T7.2 and 
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T2.3, were created by insertion of the KpnZ-BgllII fragment (7.2kb) and BgZIZ-BglII fragment 

(2.3kb), respectively, into the HindIZI site of the pSDKlacZpA plasmid (Calzonetti et al., 1995). 

These fusions place the lucZ gene downstream of the untranslated portion of Exon I but upstrearn 

of the start of translation. The three rernaining transgenes were generated by partial digestion of 

T2.3 with the restriction enzyme EcoNZ, purification of linearized fragments, followed by blunting 

with the Klenow fragment of DNA polymerase 1 and re-ligation with T4 ligase. Sequencing of 

1.4kb of Tek 5' flanking genomic DNA (see below) failed to confirm the presence of an EcoM 

site at the 5' border of the T0.9 transgene, suggesting that the generation of this transgene 

constnict was the result of non-specific cleavage by the EcoNI enzyme. The resultant plasmid 

constnicts were digested with SalI, separated from vector sequences by electrophoresis and 

purified from agarose by electroelution into dialysis tubing. Transgene DNAs were then punfied 

on NACs Prepac columns (Bethesda Research Labs.), resuspended in TE buffer and then diIuted 

to Sng/pl in injection buffer (10mM TrisHCI pH7.4/0.lmM EDTA) before microinjection into 

zygotes (Hogan et al., 1994). 

Production and identification of transgenic mice 

Randomly bred CD-1 rnice (Charles River) were used to produce transgenic embryos and 

mouse lines as described (Hogan et al., 1994). Transgenic embryos and rnice were identified by 

Southern blot analysis of DNA purifiecl frorn either yoik sacs or tail biopsies, respectively, using a 

ZacZ-specific DNA probe. The T2.3,T1.4, T0.9, and T0.3 transgene constmcts were tested for 

their abililty to direct expression of the l a c 2  gene to the endothelium in a "transient" transgenic 

analysis in which injected zygotes were allowed to reach day 10.5 of gestation and were then 

stained directly with X-gal. In addition, the temporal and spatial patterns of transgene expression in 

the T7.2 and some T2.3 lines were analysed by breeding founder anaor F1 male mice with C D 4  

females. Pregnant females were killed at various days of gestation and their embryos analysed for 

lac2 expression as described below. The day on which the vaginal plug was observed was 

designated day 0.5 of gestation. 



Whole-mount P-galactosidase staining of embryos 

Embryos were dissected in PBS, fixed, washed and stained as previously described (Puri 

et al., 1995; Chapter 2). Transient transgenic studies were perforrned by analysing founder 

transgenic embryos at E9.5 to E10.5, whereas embryos from each of four transgenic lines that 

express the T7.2 (lines TG5 and TG54) and T2.3 (Iines TG42 and TG34) transgene constructs 

were analysed at 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, 9.5, 10.5, 11.5, 12.5 and 15.5 days of gestation. 

Organs from adult transgenic animals were excised from T7.2 (line TG5) and T2.3 (line TG42), 

fuced and stained as above. Histological sections were prepared and counter-stained as described 

(Puri et al., 1995; Chapter 3). 

Whole-mount RNA in situ hybridization analysis 

Whole-mount RNA in situ analysis of the Tek expression pattern in E9.5 CD-1 embryos 

was performed as described previously (Dumont et al., 1992; Codon and Rossant, 1992). 

Cloning of the 5' flanking region of the human TEK gene 

A human peripheral blood leukocyte genomic library in EMBL3 phage (Clontech) was 

screened with a random-primed labelled DNA fragment comprising the 5' 1.2kb of the murine Tek 

cDNA (Dumont et al., 1993).This was followed by two rounds of subsequent phage screening 

using a human TEK exon 1 specific oligonucleotide (S1GGAGCAAGCTGACTCCACAGAG3') 

(Ziegler et al., 1993) end-labelled with g - 3 2 ~ - ~ ~ ~ ,  hybridized overnight at 420C to filters in 5X 

SSC/SX Denhardtts/ OS%SDS, followed by two washes at room temperature in 

GXSSC/O.S%SDS. Aii positive bacteriophage clones were mapped and relevant fragments were 

subcloned into pBIuescript (Stratagene) for sequencing with intemal or plasrnid specific prirners. 

Genomic DNA sequence analysis. 

The 5' borders of the T0.3, T0.9 and T1.4 transgenes were confmed by DNA sequencing 

of the transgene constmcts. In addition, mouse Tek genomic DNA used for construction of the 

transgenes was sequenced to provide sequence information for 1.4 kb of Tek upstrearn genomic 



DNA. Al1 fluorescently tagged primers were generated on an Applied Biosystems oligonucleotide 

synthesizer. Sequencing reactions were performed using the ALF kit (Phannacia) and processed 

on a Pharmacia automated sequencing apparatus. DNA sequences were analysed with GCG 

software. Human genomic clones were sequenced on an AB1 system sequencer using Gibco BRL 

custorn prirners. Both murine and human sequences were analysed for the presence of transcription 

factor binding sites using both GCG software and on the WWW using TESS: transcription element 

search software (URL:http://agave.humgen.upenn.edu/tess/index.ht) (Schug and Overton, 

1997). 

RESULTS 

Expression of Tek-lac2 transgenes in the rnouse embryonic vasculature 

To identiQ the cis-acting DNA regulatory elements that are involved in regulating Tek 

expression, we analysed reporter gene constructs in transgenic rnice to define the Tek genomic 

region capable of correctly directing the expression of the lac2 reporter gene in a Tek specific 

manner during mouse embryogenesis. Transgene constructs containing 7.2, 2.3, 1.4, 0.9, and 0.3 

kb of Tek 5' flanking DNA were prepared (Figure 1) and injected into mouse zygotes. Embryos 

derived either directly from injected zygotes (founder embryos) or from matings of mice from 

established transgenic lines were analysed by whole-mount staining for fi-galactosidase activity. 

For each transgene construct, several independent transgenic lines or founder rnice were 

obtained to elirninate possible position dependent effects on transgene expression (Table 1). 

Analysis of the B-galactosidase expression patterns in these embryos revealed that for al1 transgene 

constructs tested, some embryos did manifest position effects; that is, the l a d  reporter gene was 

either not expressed, or its expression pattern did not recapitulate the Tek expression profile. Ml 

ectopic transgene expression patterns were unrelated to each other and presumably reflected the 

response of the transgene constructs to exogenous regulatory eIements located at or near the site of 

transgene integration. Between one third and one half of al1 independent lines for the 7'7.2, T2.3, 

T1.4 and T0.9 constructs displayed B-galactosidase expression only in the Tek specific EC 

cornpartment and were subsequently analysed in greater detail. In addition, a single embryo 

transgenic for the T0.3 construct (out of 25 analysed) weakly expressed the lac2 reporter gene only 

151 



Fipure 1. Structure of the upstream region of the Tek locus and Tek-lac2 reporter 
constructs. The shaded area represents the coding sequences of exon 1. Restriction sites used for 
constmction of the transgenes are shown. The 5' border of the T0.9 transgene does not correspond 
to a restriction site and has been indicated with an asterix (*). The reporter gene constructs tested in 
transgenic rnice are indicated beIow with Tek 5' flanking sequences aligned relative to the 
restriction map of the Tek gene. The boxes Iabelled lacZ, pA and ATG represent the protein coding 
region of the E. coli lac2 gene , the polyadenylation signal derived from the SV40 virus and the 
Shine-Delgarno-Kozak consensus sequence for the initiation of translation, respectively. 
Abbreviations: K, KpnI; B, BglII; E. EcoNl 
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Table 1 Tek-Lac2 expression in transgenic lines and founder ernbryos 

trans~ene - construct 

# transgenic lines 6 7 O O O 

# founder embryos O 5 7 6 25 

EC specific 3 6(3)  3 2 1 

EC + ectopic 2 1 O 1 O 

ectopic only O O 1 O 3 

no expression 1 5 3 3 2 1 

Table 1. Summary of expression of transgene constructs shown in Figure 1. Numben shown in 
brackets for T2.3 indicate founder embryos. Transgene expression patterns that were inappropriate 
for Tek were considered to be ectopic. 
Abbreviation: EC: endothehl cell 



in the endocardial Lining of the embryonic heart (Table 1 and data not shown). Subsequent analysis 

of 24 additional independent founder transgenic embryos with T0.3 yielded either no expression or 

ectopic expression (Table 1) suggesting that the EC specific expression pattern of this single 

embryo may be attributed to an integration specifc position effect. Finaily, we observed that there 

was no correlation between transgene copy number and level or tissue specificy of transgene 

expression for any of the transgenic lines studied (data not shown). 

We compared the expression patterns of the lac2 transgenes in E9.5-E 10.5 rnouse embryos 

transgenic for constructs T7.2, T2.3, T1.4 and T0.9 (Figure 2 B-F as indicated) with the 

expression of the endogenous Tek gene at E9.5 (Figure 2A). Tek gene expression was observed 

by whole mount mRNA in situ hybridization in the heart endocardium, the major embryonic blood 

vessels such as the dorsal aorta, the anterior and posterior cardinal veins, the aortic arch artenes, as 

well as in the srnalier vessels of the head, the intersornitic vessels and in the extraembryonic 

vasculature of the yoik sac membrane (Figure 2A). We have previously shown by standard RNA 

in situ hybridization analyses of histological sections that Tek expression is restricted to ECs at this 

stage (Dumont et al., 1992; Dumont et al., 1995). In general, the whole mount IBCZ staining 

patterns of embryos transgenic for the T7.2, T2.3 and T1.4 constructs (Figure 2 B,C and D, E 

respectively) resembled that of the endogenous Tek gene. 13-gdactosidase activity could be detected 

in the heart endocardium and in the dorsal aorta (Figure 2 B-E). Additional staining was observed 

in the vitelline vessels (Figure 2 B, D and not shown), as well as in the anastomosed y o k  sac 

vasculature (Figure 2 B, D, E) of these transgenic embryos. IacZ expression was clearly evident in 

the intersornitic artenes of T2.3 transgenic embryos (Figure 2, C ,  D) but is weaker in these vessels 

of T7.2 and T1.4 embryos (Figure 2 B and E). Furthermore, the T0.9 transgene recapitulated in 

part, the Tek expression pattern with weak expression in the dorsal aorta, and in the developing 

blood vessels of the liver pnmordium (Figure 2F), as well as punctate expression in the blood 

vessels of the yolk sac (data not shown). 

Detailed histologicd analysis of the T2.3 embryo depicted in Figure 2C confmed the 

specificity of this transgene construct for ECs (Figure 3A-D). At low magnification, (Figure 3A), 

8-gaiactosidase was readily observed in most vascular structures of the embryo at this stage of 

development. The EC lining of the major blood vessels including the dorsal aorta, the anterior and 
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Figure 2. Expression pattern of endogenous Tek and Tek-Lac2 transgenes in 
E9.5-10.5 embryos at the whole mount  IeveI. ( A )  Whole mount RNA in situ 
hybridization analysis of endogenous Tek gene expression in a 9.5 day mouse embryo. Tek 
expression is evident in essentially al1 vascular structures including the heart, dorsal aorta, aortic 
arch arteries, anterior and postenor cardinal veins and intersomitic vessels (B-E) Whole mount 
view of X-gal stained transgenic embryos corresponding to transgenic constmcts as indicated. (B) 
E9.5 stage ernbryo transgenic for T7.2 (line TG9) shows B-galactosidase activity predominently in 
the heart, vitelline vessels and yolk sac vasular network. Some staining is also present in the 
intersomitic vesseis. (C)  E9.5 embryo transgenic for T2.3 (line TG42) after staining by X-gal (D) 
E10.5 founder embryo transgenic for T2.3 (line TG23) Both T2.3 ernbryos in (C)  and (D) show 
strong staining in the Large vessels. (E) T1.4 transgenic founder embryo at E10.5. (F) T0.9 
founder transgenic embryo (Iine 39) shown as parasagittal section for clarity. Low level but EC 
specific expression can be seen in the dorsal aorta, basilar artery, and sinusoids of the developing 
liver. 
Abbreviations. ys, yolk sac; h, heart; v, vitelline vessels; pcv, posterior cardinal vein; da, 
dorsal aorta; aa aortic arch artery; acv, anterior cardinal vein e, endocardium; pnvp, peri-neural 
vascular plexus, h hematopoietic cell; end, endoderm 
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Figure 3. Endothelial ce11 specific expression of T2.3 (line TG42) at E10.5. (A) A 
parasagittal section of a T2.3 embryo (TG 42) shows EC specific O-gaiactosidase expression in 
most vascular stnicutures of the embryo including the heart, Iarge vessels such as the dorsal aorta 
and lefl anterior and posterior cardinal veins (seen here as converging to the cornmon cardinal vein 
rostral to the heart), and in the developing iiver. Staining is not present in al1 vessels such as those 
indicated by arrows. The arnnion is also negative for 8-galactosidase activity. (B) A detailed view 
of endotheliai celi specificity of 0-galactosidase staining in the endocardial cells of the developing 
heart and in the liver primordium. (C)  The head region of this embryo shows expression of the 
reporter enzyme in some capillaries as weil is in some cells of the developing perineurai vascular 
plexus. Unstained ECs are indicated with an arrow. (D) The extraembryonic yolk sac vasculature 
shows expression of lac2 in the endotheiiurn, but not in the surrounding endodermal or rnesothelial 
ceUs of this structure. Some hematopoetic celis also show lac2 expression at this gestational stage. 
Abbreviations: v, ventncle; a, atrium, li, Iiver; cv cardinal vein, am, arnnion; da dorsal aorta 
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posterior cardinal veins, the vitelline vein and umbilical vein ail express lac2 strongly, as did the 

endocardium of the heart. However, the arnnion, an extraembryonic structure that we have 

previously shown expresses Tek (Dumont et al., 1992; Dumont et al., 1995) did not express the 

transgene (Figure 3A). At higher magnification, B-galactosidase positive ceus were clearly evident 

in the endocardial cells at the centre of the developing heart (Figure 3B). Furthermore, the 

differentiating blood vessels of the liver adage, although not yet clearly delineated, also expressed 

high levels of the lac2 reporter gene. The cephalic region of this embryo (Figure 3C) expressed the 

transgene in the microvasculature of the head and in the developing perineural vascular plexus 

(PNVP), although it is evident that not al1 ECs were positive for lacZ. expression (Figure 3A, C) .  

Figure 3D shows that the ECs of the differentiating blood islands were positive for lacZ 

expression, whereas the adjacent endodermal, and mesothelial cells were clearly negative. Blood 

cells within the lumen of the yolk sac blood vessels, although generally negative for lacZ 

expression, occasionally expressed lacZ. This phenornenon was not observed at later stages of 

development in any of the T7.2 or T2.3 lines studied. ECs and early hematopoietic ceils of the yoik 

sac differentiate in close proxirnity to one another and putatively arise from a cornmon mesodemai 

precursor known as the hemangioblast (Sabin, 1920; Risau and Flamme, 1995; Risau, 1995). 

Thus it is possible that the lac2 expression in hematopoietic cells is due to residual B-galactosidase 

as the result of the earlier ZacZexpression of the transgene prior to the divergence of these two ce11 

lineages. Alternatively, this transgene expression pattern may directly reflect Tek expression in a 

subset of early hematopoietic progenitor cells (Takakura et al., 1998). 

Table 2 shows in more detail the lac2 expression profiles of several rnidgestation T7.2, 

T2.3, T1.4, and T0.9 transgenic embryos. A minimum of 900bp of Tek 5' flanking genornic DNA 

was necessary to achieve some EC specific expression of the lacZ reporter gene in both the intra- 

ernbryonic and extra-ernbryonic vasculatures. However, as lac2 expression in the small veins and 

artenes and in the rnicrovasculature was not readily apparent for the T0.9 transgene construct, it is 

clear that other enhancer elements required for generally high levels of expression in these areas 

have been excluded, some of which must be present in the longer transgene constructs. Table 2 

also indicates that the expression of al1 Tek-lac2 transgene constructs at days 9.5 and 10.5 of 

gestation was generally less widespread than that of the endogenous Tek gene at this stage. A 
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Table 2 . Transgene expression was scored from whole rnount and histological specimens from 
each of the transgenic lines indicated, and compared to whole mount and standard RNA in siru 
analyses for endogenous Tek gene expression. A + score indicates that essentially d l  endothelid 
celis of a given vascular structure were positive for bgalactosidase activity, while +/- denotes that 
only some ECs for a particular tissue showed reporter gene expression. A - score indicates 
undetectable staining. Large blood vessels include the dorsal aortae, vitelline and urnbilical vessels, 
posterior and anterior cardinal veins and aortic arch arteries The smail blood vessels include the 
branches of the above, including the intersornitic vessels and the cephalic vascular plexus. The 
perivascular neural plexus (PNVP) provides an example of a capillary bed in order to score for 
promoter activity in the microvasculature. 
Abbreviations: TG, transgene construct; PNVP, pen-neural vascular plexus 



Table 2 Tissue specificity of Tek-LacZ transgene expression in E9.5 and E10.5 embryos 

ernbrvonic tissue extra-embryonic tissue 
blood vessels 

TG line/founder - larpe smali PNVP endocardium yolk sac aninion 

tek (in situ) + + + + + + 



general feature of the expression profiles for all transgene constructs is that the highest expression 

of the reporter gene was observed in the ECs of vascular tissues that arose early in gestation such 

as the heart and the large vessels, and that this expression was less uniform in the endothelium of 

blood vessels as the vasculature expanded. Finaily. it is interesting to note that although Tek is 

expressed in the amnion, none of the transgenes were expressed in this tissue, suggesting that 

certain amnion specific enhancer elements lie outside the genomic region that included even the 

T7.2 transgene construct. 

Developmental stage specific expression of T7.2 and T2.3 

To examine in more detail the spatial and temporal pattern of transgene expression, 

independent h e s  of transgenic mice were established using the T7.2 and T2.3 constmcts. Founder 

animais were identified by Southern blot analysis of DNA purifïed from tail biopsies (Table 1). Al1 

founder animals were bred further, and three lines of each construct demonstrated a Tek-like EC 

specific expression pattern. The results from lines TG5 and TG42 transgenic for the T7.2 and T2.3 

reporter constmcts respectiveIy, are shown here as representative expression patterns. 

By whole mount staining with X-gai, expression of the lac2 gene was not detected in either 

E6.5 egg cylinder stage gastrulating embryos, or in E7.0 early head fold stage embryos for either 

of the two transgenic lines (data not shown). By the late primitive streak, pre-somite stage, 

however, weak expression of the lac2 transgene was observed in the extra-embryonic yolk sac 

mesoderm, which eventually could be seen surrounding the entire embryo (Figure 4A), consistent 

with the onset of expression of the endogenous Tek gene (Dumont et al., 1995). Histological 

analysis of this embryo revealed O-palactosidase activity in the differentiating yolk sac membrane, 

weakly in the anterior of the embryo at the site of formation of the endocardial tubes on either side 

of the midline, as well as in the allantois (Figure 4C). It is clear from a higher magnification of the 

yolk sac membrane (Figure 4D) that the transgene was expressed in EC precursors, prior to the 

formation of a tnie vasculature, as the positively stained cells did not clearly delineate a vessel. 

This observation is in strong contrat to the l a d  expression observed in the yolk sac membrane 

one day iater in gestation at E8.5 when 6-galactosidase positive cells were localized to the lining of 

the blood vessel (Figure 4E). After the formation of approximately 9 to 1 1 pairs of somites, the 
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Figure 4 Expression of T2.3 T e k - L a c 2  transgene (line TG42) in early to 
midgestation embryos. (A) Whole mount anterior view of a late primitive streak stage embryo 
at E7.5 to E8.0 following staining with X-gal. B-galactosidase positive cells are found in the extra- 
embryonic mesoderm, the site of formation of the yolk sac membrane. @) Whole rnount view of 
an X-gal stained E8.5 embryo. LacZ positive cells c m  be seen within the heart, the dorsal aortae, 
and the anastomosed blood vessels of the yolk sac. (C) Histological view of embryo in (A) 
indicating 8-galactosidase activity in the blood islands and in the intra-embryonic mesenchyme on 
either side of the midline, the site of formation of the endocardial tubes, as weU as in the allantois. 
Other tissues are clearly negative. @) 8-galactosidase activity is seen in cells of the biood island 
prior to formation of a distict lumen (arrows). (E) Histological section of E9.5 transgenic yolk sac 
vasculature showing strong 8-galactosidase staining in morphologicaily distinct ECs. 

Abbreviations: eem, extra-embryonic mesoderm; h, heart; da, dorsal aorta; ys, yolk sac; am, 
amnion; al, allantois; e, endocardial tubes 
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process of embryonic vascularization was clearly visuaiized by X-gal staining at the whole mount 

level (Figure 4B). Blue staining was associated with the endocardiurn of the fonning heart tube, 

the dorsai aorta over its entire length, and the vasculature of the yolk sac. For both T2.3 (line 

TG42) and ï 7 . 2  (line TG5) transgene constructs, expression in ECs was maintained until at least 

E12.5, but was markedly reduced by E15.5 (data not shown), a stage at which the endogenous 

Tek gene is still expressed (Dumont et al., 1995). Similarly, X-gal staining of excised organs from 

adult transgenic animals of both iines revealed that B-gaiactosidase activity is absent at this stage, 

with the exception of a proportion of the blood vessels of the liver and the lung (data not shown). 

The endogenous Tek gene has been previously shown to be expressed in adult tissue (Dumont et 

al., 1992; Iwama et al., 1993; Sato et al., 1993; Schnürch and Risau, 1993), albeit at Iower levels 

than that observed in the ernbryo (Sato et al., 1993; Dumont et al., 1992). Thus, our results 

suggest that the Tek prornoter sequences contained in the T7.2 and T2.3 transgene constructs 

mediate the expression of Tek during early embryogenesis, but that sequences proximal andor 

distal to this genomic region are also required for its continued expression in late gestation and in 

adult mice. 

Cornparison of mouse Tek and human TEK promoter sequences 

As demonstrated in Figure 2E and Table 2, approximately 900 bp of Tek 5' flanking DNA 

sequences were sufficient to give lirnited but EC specific expression in transgenic embryos. 

Furthemore, other recent studies have shown that this proximal promoter region of the Tek gene 

has ce11 type specific activity in cultured ECs (Fade1 et al., 1998). Therefore, to obtain further 

insight into the possible mechanism of transcriptional regulation of the Tek gene, we compared the 

DNA sequence in this region with the corresponding region from the human TEK promoter up to 

the ATG translation intiation codon of Exon 1. As shown in Figure 5, there was approximately 

78% sequence conservation in this region between the mouse and human, with particularly high 

sequence identity in regions containing potential binding sites for the GATA, NF-E2, Ets and Spl 

family transcription factors as well as two highly conserved shear stress response and E-box 

elements. Three additional GATA family binding sites and two sites for ETS family factor binding 

were also identified approximately 500 bp further upstream in the mouse genome (data not 
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Figure 5. Cornparison of mouse and human TEK promoter sequences. 
Approximately 900 bp of the upstream sequences of the mouse and human TEK coding region are 

shown 5' to the ATG codon (in bold type). The 5' boundaries of the T0.9 and T0.3 transgene 
constructs are indicated. Putative transcription factor binding sites are underlined 
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shown). Several regions with high sequence identity between the human and rnause promoters did 

not contain putative binding sites for known transcription factors raising the possibility that the 

regulation of transcription from the Tek locus may also involve novel transcription factors. In 

addition, both promoters appear to lack canonicd TATA and CCAAT boxes, a feature which has 

been observed for the promoters of several other vascular specific genes including Tie (Tiel )  

(Korhonen et al., 1995) Flk-I (Patterson et al., 1995; Ronicke et al., 1996), and platelet 

endotheliai ce11 adhesion rnolecule (PECAM-1) (Alrnendro et al., 1996; Gumina et al., 1997). 

Interestingly, alignment of murine Tek upstream genomic sequences with 5' flanking sequences 

from the genomic region of the Tie gene (Korhonen et ai., 1995) which is aiso expressed in an EC 

specific manner during embryonic development, revealed no extensive homology between these 

two genes (data not shown). 

DISCUSSION 

The differentiation of ECs from angioblasts is an essentiai process dunng the development 

of the embryonic zardiovascular system. However, little is known about the mechanisrns that 

regulate EC lineage specific gene expression in vivo during vasculogenesis and angiogenesis. 

Given that the expression of the mouse Tek gene marks an early stage in the differentiation of ECs. 

our purpose was to delineate, and then analyse the DNA sequences within the Tek regulatory 

region responsible for directing its specific expression in this cell type during development. 

We have investigated the expression patterns of five Tek- lad fusion constnicts containing 

from 7.2 kb to 0.3 kb of Tek 5' flanking D N A  in transgenic mouse ernbryos. Our  results showed 

that as little as 1.4 kb of genomic DNA upstream of the Tek gene directed reporter gene expression 

to many vascular tissues that have been previously shown to express Tek in the day 10.5 mouse 

embryo. However, detailed histological analysis of X-gal stained embryos from multiple 

transgenic lines showed that 8-galactosidase activity in the endothelium of transgenic embryos 

containing even 7.2 kb of Tek 5' flanking DNA was generally less widespread than that of the 

endogenous Tek gene in the vascular structures outside the heart and the major blood vessels such 

as the dorsai aorta which are formed early in gestation pnmarily by vasculogenesis. This result is 

consistent with previously described observations (Schlaeger et al., 1995). Sirnilarly, 
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developmental time course studies of transgene expression using stable T7.2 and T2.3 transgenic 

lines established that transcriptional regdatory elements within the 2.3 kb genomic region have the 

capacity to direct strong Tek expression to early EC precursors of the extra- and intra-embryonic 

mesodem, but that sequences outside even the 7.2 kb flanking region must be required to maintain 

the expression of the Tek gene in ECs as the vasculanire expands by an angiogenic mechanism 

during later gestation and in the adult. Other recent studies have shown that uniforrnly strong 

reporter gene expression in d l  ECs of both the embryo and the adult mouse can be achieved with 

transgene constructs that contain 2.1 kb of Tek 5' flanking sequence as weli as the 5' 10 kb portion 

of the first intron ~f Tek (Schlaeger et al., 1997). The above findings strongly suggest that there 

are regional differences in the mechanisms of EC specific expression of Tek, and support the 

concept that the phenotypic heterogeneity of ECs increases in embryogenesis as organs 

differentiate and begin to perfonn specific functions. 

Our results demonstrate that the expression of a reporter consû-uct containing 2.3kb of Tek 

upstrearn genornic DNA cIosely mirrored the temporal and ce11 type specific expression pattern of 

the endogenous Tek gene during the early stages of mouse vascular development. Expression of 

this transgene constnict was initiated at the time of onset of blood island formation, the first stage 

of embryonic vascularization. The observed pattern of transgene expression at this early stage of 

embryogenesis confirms earlier findings that Tek is initially expressed in peripherai cells of the 

yolk sac mesenchymal anlage, the site of extra-embryonic hematopoiesis, and continues to be 

expressed oniy in the lining of the extra-embryonic and intra-embryonic blood vessels (Dumont et 

al., 1995; Dumont et al., 1992; Sato et al., 1993; Schnürch and Risau, 1993). 

The observation that sorne hematopoietic cells also showed O-galactosidase activity in T2.3 

embryos at E9.5 and E10.5 but not thereafter supports the hypothesis that the hematopoietic and 

EC lineages are derived from a cornrnon hemangioblast progenitor ce11 that differentiates at this 

stage of development to give rise to these two ce11 Lineages. Our data suggest that the Tek promoter 

is first activated in this bipotent hemangioblast precursor ce11 but continues to be active pnmarily 

during angioblast differentiation. Together with the finding that Tek is expressed in early 

hematopoietic progenitors in the ernbryonic and adult mouse (Iwarna et al., 1993; Yano et al., 

1997; Takakura et al., 1998), it is possible that the TEK receptor functions fïrst in a common 
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hernangioblast precursor cell, then in early progenitor cells that are committed to either the 

hematopoietic or EC lineages, and finaily becomes lixnîted to differentiating ECs and a subset of 

hematopoietic ceus. 

We have also shown that 900bp of genornic DNA located irnrnediately upstream of the Tek 

coding region has the capacity to direct limited EC specific expression of the l a d  reporter gene in 

transgenic embryos. This result prompted us to analyse the DNA sequence of the genomic region 

comprising this transgene, and compare it to the corresponding region of the human TEK gene as 

a first step to elucidating the transcriptionai mechanisms regulating the EC specificity of Tek 

expression. The high overall sequence identity between species in the 900 bp 5' flanking region 

(approximately 78% identity) suggests conservation of the mechanisms regulating the ce11 specific 

expression of Tek. 

Furthemore, the conserved regions include the DNA recognition motifs for severai 

different classes of known mammalian transcriptional regulators. Although the actual function of 

these potentiai binding sites in the Tek promoter remains to be determined, their identification may 

provide some insight into the regdation of expression from this locus. For instance, the presence 

of five highly conserved binding sites for members of the GATA family of transcription factors 

(Merika and Orkin, 1993; Ko and Engel, 1993) and NF-E2 (Andrews et ai., 1993) is consistent 

with the finding that the transgenes are also expressed in the early cells of the hematopoeitic 

system. Because neither the lac2 reporter gene nor the endogenous Tek gene is expressed in 

differentiated hematopoietic cells, it is also likely that this upstrearn region also includes binding 

sites for proteins that downregulate Tek expression in such cells. DNA binding sites for GATA 

factors are aiso present in other genes expressed in ECs such as those encoding endothelin- 1, von 

Willebrand's factor, VEGFR-2, and P-selectin, al1 genes whose expression pattern in ECs 

overlaps with expression in some subsets of hematopoietic cells (Alrnendro et al., 1996; Gumina et 

al., 1997; Jahroudi and Lynch, 1994; Kawana et al., 1995; Pan and McEver, 1993; Patterson et 

al., 1995; Ronicke et al., 1996; Wilson et al., 1990). It is also possible that the non-hematopoietic 

GATA-4,-5,-6 subfarnily of transcriptional regulators plays a role in controlling Tek expression, 

since the genes for these factors have been shown to be expressed in the allantois and early 

cardiogenic region of the embryonic mesoderm a E7.0 (Morissey et al., 1996; Momsey et ai., 
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1997). Furthemore, GATA-5 expression in the endocardium at midgestation is consistent with 

strong Tek expression in the h e m  at this stage (Morrisey et al., 1997). 

Tek expression has recently been shown to be regulated in human embryonic kidney cells 

by endothelial PAS dornain protein 1 @PAS-1) an EC specific transcription factor related to HIF- 

l u ,  a hypoxia inducible transcriptional activator known to regulate VEGF in respose to low 

oxygen tension (Tian et al., 1997). EPAS-1 is expressed almost exclusively in ECs during mouse 

development and is a strong candidate for regulation of EC specific genes in response to low 

oxygen conditions (Flamme et al., 1997; Tian et ai., 1997). We did not locate the DNA binding 

site for this transcription factor in the 1.4kb upstream Tek genomic sequence, a region that 

conferred EC specific expression in midgestation mouse embryos. This observation suggests that 

the expression of Tek may not be controlled by hypoxia in early vascular development, but that this 

parameter may influence Tek gene regulation at later stages andor in tissues that do not show 

reporter gene activity in our transgenic assay. Presumably EPAS binding sites are present further 

upstream or in intron 1 of the Tek gene (Flamme et al., 1997; Tian et al., 1997). 

The Tek upstream region also includes binding sites for severai members of the ET'S family 

of transcription regulators, suggesting that members of this family also play a role in regulating 

Tek expression. ETS family proteins are a group of transcription factors characterized by a unique 

DNA binding domain which specifically interacts with DNA sequences containing a purine rich 

GGAA/T core sequence (Macleod et al., 1992; Waslyk et ai., 1993). The Ers4 and Ets-2 genes are 

expressed in multiple tissues during development (Kola et al., 1993; Maroulakou et ai., 1994) and 

have been implicated in the development of the vascular network based on their expression patterns 

(Pardanaud and Dieterlen-Lièvre, 1993; Queva et al., 1993; Vandenbunder et al., 1989). 

Moreover, Ets-l expression correlates with the proliferation of ECs dunng normal human vascular 

development (Wemert et al., 1992) and during tumor angiogenesis (Wernert et al., 1994; Wernert 

et al., 1992). Targeted disruption of the murine Tel gene, a i  Ets family member, resulted in 

vascular defects in homozygous mutant embryos (Wang et al., 1997). Although Tek expression 

was found to be normal in the affected embryos, these results show that ETS factors play a role in 

regulating other vascular specific genes that are essential for blood vesse1 developrnent. It is 

possible that in the absence of TEL other ETS proteins bind to and activate Tek. It is interesting to 
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note that the promoter regions of both the Tie and VEGFR-I genes, whose expression is restricted 

to ECs, aiso include several Ers binding sites (Korhonen et al., 1995; Wakiya et al., 1996), and for 

the latter, these sites have been shown to be essential for EC specific expression (Wakiya et al., 

1996). Finally, sequence analysis of the Tek promoter region revealed the presence of two highly 

conserved shear stress response elements with the (GGTCTC) consensus sequence initially 

identified in the PDGF-B- chah gene promoter. This observation suggests that hemodynamic 

forces rnay play a role in rnodulating gene expression in ECs during ernbryonic development as 

well as in the adult vasculature. where the response to shear stress has previously been described 

(Reznick and Gimbrone, 1995; Topper et ai., 1997). 

The transgenic rnice described here provide a useful endogenous ce11 marking system with 

which to study vasculogenesis and angiogenesis in vivo (Dumont et al., 1994; Henkemeyer et al., 

1995). The characterization of the Tek promoter described here confirms previously reported 

studies (Schlaeger et al., 1995) and adds to an expanding list of promoters active in vivo in ECs 

including those for preproendothelin- 1 (Harats et al., 1993, von Willebrand's factor (Aird et al., 

1997; Aird et al., 1995), thrombornodulin (Weiler-Guettler et al., 1996a; Weiler-Guettler et al., 

1996b) and Tie (Korhonen et al., 1995). In addition, it should be possible to use the promoter 

described in this paper to direct expression of other genes to the ECs of the mouse embryo at early 

stages of vascular development. Manipulation of the differentiating endothehm in the context of 

the developing embryo may provide further insights into the cellular and molecular processes that 

mediate vasculogenesis and angiogenesis. Finally, the Tek genomic region conferring EC 

specificity provides an excellent reagent with which to initiate the molecular identification and 

characterization of the transcription factors that regulate Tek expression, and possibly other EC 

specific genes. 
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CHAPTER 6 

Summary, discussion and future studies 



The overall aim of the work described in this thesis was to elucidate the function of the 

signalling pathways of the TEK and T E  tyrosine kinase receptors in the formation and patterning 

of the murine vascular system. Additional goals were to identiw the regulatory regions of the Tek 

gene promoter to obtain a preliminary understanding of the molecular mechanisms that might 

contribute to its EC specific expression pattern and also to generate a marker for embryonic ECs 

and their progenitors. In this discussion section, 1 will attempt to present the results described in 

Chapters 2 to 5 in a broader context and suggest m e r  experiments to delineate the morphological 

processes and signaihg pathways involved in embryonic vascuiogenesis and angiogenesis. 

The functions of TEK and TIE in the vasculature 

Emb-o~enesis 

Gene targeting and chimeric studies described here and etsewhere have provided insights 

into the roles of TEK and T E  signalling pathways during vascular development in the mouse 

(Dumont et ai., 1994; Puri et al., 1995; Sato et al., 1995; Partanen et al., 1996; Suri et ai., 1996). 

It is clear from these analyses that signalling by TEK and T E  is required after EC differentiation 

and initial blood vessel assembly. 

The circulatory defects observed in Tek-/- embryos occur throughout the vascular system 

and inciude the ECs of the yolk sac vasculature, the endocardiurn, dorsal aortae, its branches and 

the microvasculature. The initial formation of these structures occurs normally, but the 

endocardiurn and vascular endothelium subsequently degenerate, resulting in vessel rupture and 

hemorrhage. In addition, the vasculatures of the head and yok sac fail to remodel into a network of 

small and large vesseis, and in many locations the remaining capillaries are dilated (Dumont et al., 

1994; Sato et al., 1995; Patan, 1998). Sprouting angiogenesis into the neural tube was observed to 

be reduced (MP, data not shown) or absent (Sato et al., 1995). Furthemore, recent studies have 

identified a block in definitive hematopoiesis in Tek-/- embryos, (Takakura et al., 1998). Thus, 

anemia may also contribute to the hernorrhaging phenotype, overall growth deficit and lethality of 

the Tek-/- mice, since these features have been described for other mouse mutants deficient in 

developmentai hematopoiesis (Warren et al., 1994; Okuda et al., 1996). However, because of the 

close link between the cardiac, vascular and hematopoietic defects and embryonic lethatity, it was 
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not possible to establish whether all of the obsewed phenotypes were the primary result of the loss 

of TEK function. 

In contrat to the widespread vascular defects in the Tek-/- mutants, embryos homozygous 

for a mutant Tie ailele manifested edema andor rnicroaneury sms lirnited to the brain and extrernities 

(Chapter 2 and Sato et al., 1995). No serious defects in the endotheiium of the major blood vessels 

or in the heart endocardium were observed in tielcz/hèzcz embryos (Chapter 2 and data not shown), 

although rnild ultrastructural differences between wild type and Tie-/- endocardium were noted by 

Sato et al. (Sato et al., 1995). These findings were not confirmed by my own analyses, but 

perturbations in endocardial maintenance were readily observable in tiezcdtiezcz embryos in which 

Tek gene dosage was reduced by half, demonstrating a role for the TIE signalling pathway in the 

endocardium that c m  be compensated for by TEK 

Thus, it is clear from these mutational studies that Tek and Tie have at least some 

independent essential functions in the developing vasculature since ablation of either gene is 

incompatible with survival. Notably, in both Tek and Tie mutants, the maintenance and expansion 

of an existing vasculature is affected, but the phenotypes are manifested at different stages of 

development. Various EC populations are also differently affected by the two mutations. 

The phenotype of embryos lacking both TEK and T E  (Chapter 4) confirmed a primary role 

for both receptors after angioblast differentiation. Despite the expression of Tek and Tie in the 

endothelium during vasculogenesis, doubly homozygous mutant (tielcztekAs~//tielcztek*s~) 

ernbryos survived until E9.0 with a poorly functioning, but rudimentary cardiovascutar systern- 

The vasculatures of double mutant embryos show al1 of the deleterious features of the Tek mutant 

in keeping with their earlier onset and increased severity relative to the Tie mutant phenotype. 

Nevertheless, the defects observed in the double mutant embryo were also more severe and were 

manifested earlier than in Tek-/- embryos suggesting that Tek is not epistatic to Tie. This result 

further supports the notion of distinct functions of TEK and TIE at the molecular level in the 

developing endothelium. 

Generating chimeras between mutant and wild-type embryos provided a way to avoid 

secondary phenotypes caused by embryonic lethality. Using this experimental strategy, the 

behaviour of endogenously P-galactosidae marked tieZcz/ti&m- ECs was monitored in embryonic 
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and adult mosaic animals (Chapters 2 and 3). The observation that Tie deficient ECs contributed 

readily to ail vascular structures in a cornpetitive situation with wild type cells in the E10.5 embryo 

confimed that TIE is not required for angioblast differentiation or angiogenic sprout formation 

during early development. In contrast, T E  is needed during organogenesis to support angiogenic 

capiilary growth since tielcz/tielcm- ECs contributed poorly to capiilary beds of tissues and organs 

such as brain, kidney and skin in the embryo at E15.5. This result demonstrated that there is a 

primary cell-autonomous requirement for Tie in the microvasculature, that is, the late embryonic 

defect of Tie -/- mutant ECs cannot be rescued by a wild type environment. Moreover, the 

endothelium of the larger vessels, Iung and endocardium were insensitive to the Iack of T E  

function at this stage, perhaps reflecting the fact that these EC populations are generated prirnarily 

by vasculogenesis and non-sprouting angiogenesis. Finally, analysis of adult chirneras identified a 

postnatal function for T E  in maintenance of ECs, again setectively in different vascular beds. 

Anaiogous chimeric studies of embryos lacking both TEK and TIE were carried out to 

circumvent and thereby identify the pnmary defects of the cardiovascular system which led to the 

rapid deterioration and death of the double mutant embryo (Chapter 4). Differences between the 

contribution of tie[cz/tieZcm- (single mutant) and tielcz tekh~//tielcm- t e k 4  (double mutant) cells 

to the vasculature were attributed to the absence of TEK function in the latter. The exclusion of 

double mutant cells from the endocardium in al1 rescued E10.5 chimeras identifies the heart as a 

primary cause of embryonic lethality. Defective hematopoiesis at this stage (Takakura et al., 1998) 

is aiso presumed to have been rescued in these embryos, although detailed analyses to address the 

nature of the chimeric hematopoietic system have not been performed. Importantly, cells deficient 

in both TEK and TIE were able to contribute to the endothelium of virtually al1 blood vessels of the 

E10.5 embryo, inchding those undergoing sprout formation. Thus, Ang- 1 signalling through 

TEK plays no direct role in early vesse1 formation since mutant cells, unable to respond to ligand, 

undergo normal sprouting angiogenesis and remodelling. Instead, as discussed in detail below, late 

embryonic and adult chirneras revealed an essential function for TEK and TIE in EC maintenance. 

TEK and TIE in late an~onenic  mowth 

Although the mutational and chimeric studies surnmarized above identified the general 
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developmentd processes regulated by Tek and Tie, the precise cellular functions mediated by these 

receptors are still unresolved. During Iate embryogenesis, t i e k t i e i c m  and tieicz tek*/++ ECs 

are excluded from the rnicrovasculature of organs and tissues such as brain, kidney and skin that 

are undergoing vascular expansion by angiogenesis. This finding is consistent with a role for T E  

and TEK at this stage in EC proiiferation, migration or its initiation, andor target fmduig. 

Neither Ang-1 nor Ang-2 mediate a rnitogenic signai for ECs in vitro. (Davis et al., 1996; 

W itzenbic hler et al., 1998). However, both factors can potentiate VEGF mediated 

neovascularization in vivo (Asahara et al., 1998), suggesting that in the embryo where VEGF is 

present, TEK signalling may help transduce a proliferative signal for ECs. Moreover, reduced 

numbers of ECs were noted in Tek-/- embryos (Dumont et al., 1994), and a Iess extensive 

endocardium was observed in E8.5 double mutant embryos (Chapter 4 and data not shown). 

Whether these phenotypes are the direct consequence of a reduction in EC proliferation in vivo 

could be addressed by quantification of BrdU incorporation by ECs in Tek-/- and tielcz 

tekdFP//tiekekAp embryos and their control Littermates. 

TEK and T E  in perivascular ce11 recruitment 

Analysis of Tek-/-, Ang-14- and TeklTie compound mutant embryos revealed several 

locations where blood vessel remodeling failed to occur. Both Ang-I and Tek deficient embryos 

exhibit a scarcity of pericytes and smooth muscle cells at such sites of defective vessel branching 

and reorganization (Suri et al., 1996; Patan, 1998). A similar defect was also noted in human 

patients with a vascular dysmorphogenesis disorder resulting from an activating mutation in TEK 

(Vikkula et al., 1996). These observations have led to the suggestion that h g -  1 / 'EK signalling in 

the endothelium results in the release of growth factors that attract smooth muscle and pericyte 

precursors to the vesse1 wall which then remodel the vascular network (Vikkula et al., 1996; 

Folkrnan and D'Arnore, 1996; Vandenbunder, 1997). This mode1 does not explain how both loss 

and gain of function mutations in the same gene can both primarily inhibit recruitment of 

perivascular cells. Furthemore, it is distinctly possible that this defect is secondary to the general 

impairment of EC function including expression of growth factors and cytokines that rnay play a 

role in the remodelling process. Indeed, a general down-regulation of gene expression in the 
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endothelium was observed in Tek-/- and Tie-/- embryos ((Dumont et al., 1994) and MP; data not 

shown). Finally, blood vessels cornposed prirnarily of TEK and T E  deficient ECs in E10.5 

chimenc embryos were remodelled correctly and associated normdy with surrounding ceils at this 

stage. Thus, the available evidence suggests that TEK and T E  are probably not required for 

pericyte recruitrnent in the proposed indirect manner, but as discussed below, rnay serve to 

stabilize contact with such cells once they have assembled and differentiated around the 

endotheiium. 

TEK and TIE in mature endotheliurn 

The exclusion of tielWtielcvf-, ti& tek@//++ and tiezcz tekdsP//.iezczn- t e k 4  cells 

from the adult vasculature identifies an essential and active role for TEK and TIE in the 

maintenance or survival of the quiescent, fully mature endothelium. Future investigation of the 

functions of these receptors would focus on the elucidation of the mechanism of this maintenance 

role. 

Recent studies suggest that TEK receptor signailing rnay be upstream of a survival signal 

for ECs. TEK phosphorylation results in activation of Akt/ protein kinase B (PKB) following 

phosphatidylinositol3' kinase (PUK) activation (Kontos et al., 1998). PI3K dependent activation 

of Akt/PKB has been shown to be part of a biochernicd cascade linked to anti-apoptosis and 

increased ce11 survival in a variety of ce11 types including epithelial (Kulik et al., 1997), neuronal 

(Dudek et al., 1997) and hematopoietic (Songyang et al., 1997) cells. Furthermore, adhesion of 

MDCK epitheliai cells to the ECM activates Akt and protects them from apoptosis (Khwaja et al., 

1997; King et al., 1997). Increased apoptotic death of ECs in Tek-/-, Tie-/- or double mutant 

embryos has not been directly tested, and rnay be assessed using the terminal deoxynucleotidyl 

transferase based TUNEL assay on histological preparations. It should considered, however, that 

apoptotic ECs rnay be difficult to detect and quanti@ in vivo since they rnay be lost immediately 

from the heart and blood vessels due to their direct contact with the mechanicd forces of circulating 

blood. The use of ce11 lines derived frorn mutant embryos (described below) rnay be a more 

effective way to quanti@ apoptosis in these mutants. 

Furthermore, severd lines of evidence have revealed the importance of ceIl adhesion to the 
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surrounding extracellular matrix (ECM) and the regulation of EC survival (reviewed in Brooks, 

1996; Strornblad and Cheresh, 1996). Primary ECs are anchorage dependent and undergo 

apoptosis when denied a t tachent  to the ECM via integrins, a major class of ECM receptors 

(Brooks et al., 1994b). EC survival has also been correlated with cell shape and the degree of cell 

spreading on ECM molecules (Ingber, 199 1 ; Re et al., 1994; Chen et al., 1997). Recent studies 

have suggested a role for Ang-1 mediated TEK adhesion to the ECM in vitro via integrins 

(Takakura et al., 1998). Taking into account these concepts and the available functional data for 

TEK and TIE as presented in this thesis, as well as the angiopoietins, the foliowing model (shown 

in Figure 1) for the role of these receptors in quiescent endothelium is presented: 

Following new vessel assembly, perivascular cells such as pericytes and smooth muscle 

cells surround the vessel. Simultaneously, a laminin-rich extracellular matrix (ECM) known as the 

basal lamina is laid down on the non-luminal side of the maturing vessel (Risau and Lernrnon, 

1988). Several components of the basal lamina play a functional roie in angiogenesis as assessed in 

vitro and in vivo including larninin itself, various collagens, fibronectin and vitronectin (Nicosia 

and Madri, 1987; Kubota et al., 1988; Grant et al., 1989; hela-Arispe, 1991; George et al., 

1993). 

h g -  1 is secreted by mesenchymal and smooth muscle cells. When these cells are in close 

proxirnity to the established vessel, Ang-1 activates the TEK receptor. Signalling downstream of 

TEK may result in establishment and subsequent maintenance of contact between receptor 

expressing ECs and the basal lamina or interstitiai extracellular matrix, and/or between ECs and 

perivascular cells during the EC maturation process. Analagously, activation of TIE (by an 

unknown ligand) may promote adhesion between ECs, for instance. The formation of these 

contacts would serve to establish and maintain inter-endotheliai ce11 integrity, EC shape and the 

precise orientation of ECs on the basal lamina. As discussed further below, this rnay in turn 

modulate the survivai of these ECs. 

This scenario is consistent with the expression of Ang-1, Tek, and Tie in late 

embryogenesis and in the adult, as well as the sustained activation of TEK in quiescent 

endothelium. This model is also in agreement with the loss of EC integrity and vascular 

disorganization phenotypes of Ang-l and Tek, orTie deficient mice (Chapter 2) and compound 
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Figure 1. A mode1 for the function of TEK and TIE in maturing and quiescent endothelium as 
explained in detail in the text. 

Abbreviations: Ang-1: Angiopoietin-1 ; Ang-2: Angiopoietin-2; ?TieL: unidentified activating 
TIE ligand; VEGF: vascular endothelid growth factor; ECM: extra-cellular matrix 
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mutant mice (Chapter 4) and with a cell-autonomous role for TEK and T E  in survival of the 

mature endothelium as revealed by mosaic analyses (Chapters 3 and 4). Finally, Ang-1 has 

recently been shown to prornote the adhesion of TEK expressing cells to fibronectin in vitro 

(Takakura et al., 1998), also consistent with this model. 

Re-activation of angiogenesis in the maturing or quiescent vasculature must also involve 

modulation of the TEK/TIE signailing pathways (Figure 1). The release of angiogenic signals 

including VEGF and certain cytokines (from a tumour and/or inflarnrnatory ceUs in the postnatal 

situation for example) stimulates proliferation and invasive, migratory behaviour by ECs. This 

process is also characterized by secretion of proteolytic enzymes such as rnatrix metalloproteinases 

(MMPs) by ECs and also secretion of novel ECM components resulting in a modified ECM at the 

site of sprout formation. Although Ang-2 blocks TEK phosphorylation by Ang- 1, this molecule 

has been shown to potentiate VEGF induced neovascularization (Asahara et al., 1998). This 

suggests that Ang-2 also plays an active role in the angiogenic process. By blocking the adhesive 

function of Ang-1/TEK signal, An@ may serve to destablize the at tachent  and alignment of 

proliferating, migratory ECs during sprout formation. Such a notion is consistent with the 

enhanced expression of Ang-2 at the leading edge of vessels undergoing normal sprouting, and 

with the widespread loss of vascular integrity associated with Ang-2 overexpression throughout 

the developing vasculature (Maisonpierre et al., 1997). The chemotactic effects of Ang-1 may be 

limited to activated ECs, perhaps responding and migrating in an altered matrix environment after 

the destabilization of their position in the vesse1 has taken place (Witzenbichler et al., 1998). 

Several aspects of the above model for TEK and TTE function in the mature vasculature are 

amenable to further experimental investigation. First, the adhesive properties of TEK and T E  

expressing cells need to be addressed. ECs can attach and assemble on a larninin-rich reconstituted 

matrix, Matrigel, to form tube like structures resembling capillaries in vitro (Grant et al., 1989). A 

method for the isolation and purification of early embryonic ECs without the use of transforming 

agents has recently been described (Hatzopoulis et al., 1998). Thus, it should be possible to puri@ 

Tek-/-, Tie-l- and doubly homozygous mutant embryonic ECs at a stage pnor to their deterioration 

dong with those from conuol littemates. Subsequent cornparison of cellular properties such as 

matrix adhesion, proliferation, tube formation, ce11 alignment with the matrix, and permeability 
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between mutant and wild type ceils could be performed on these ce11 Lines cultured in Matrigel. A 

ceiI-ceil adhesion assay could also be performed using these ce11 h e s  foliowing metabolic iabeliing 

and application to a wild type embryonic endothelial stromal cell layer. Additionaily, the ability of 

wild type embryonic ECs expressing TEK and T E  to attach to Matrigel rnay be assayed in the 

presence and absence of soluble (interfering) TEK and TIE receptor constructs (Koblizek et al., 

1997; Takakura et al., 1998; WitzenbichIer et al., 1998) to determine whether there is a direct 

correlation between receptor activity and matrix attachment. Finally, receptor immunolocalization 

studies in cultured cells, or in vivo using suitable monocIona1 antibodies against TEK and T E  

(avaiiable frorn N. Takakura and T. Suda) rnay address the precise position of TEK and TIE in the 

ce11 and thus rnay provide information regarding the principal site of action of the receptor such as 

primarily at interendotheliai ceil junctions or adjacent to perivascular support celis, for instance. 

A second question that would need to be addressed is the molecular mechanism governing 

celi-ECM or (cell-cell) adhesion downstream of TEK and T E  signal transduction. As discussed in 

Chapter 1, the extracellular domains of both TEK and T E  contain structural elements that are 

suggestive of possible interaction with components of the extracellular matrix. Furthermore, the 

milder phenotype of Ang-I mutant embryos compared to Tek-/- embryos suggests the presence of 

an additional ligand(s) for TEK which rnay be endothelial or penvascular cell- bound or ECM- 

bound moiecules. In this way, both the activation of receptor signdling and ce11 or ECM adhesion 

could be a direct consequence of ligand binding. Altemativcly, TEK and T E  receptor signalling 

could mediate ce11 and ECM adhesion via ce11 adhesion receptors such as the integrins. Recent 

studies have demonstrated that activated growth factor receptors can directiy associate with an 

integrin molecule to enhance the cellular effects of growth factor stimulation (Schneller et al., 

1997). Furthermore, the Ang-1 mediated adhesion of TEK expressing cells to fibronectin can be 

inhibited by the addition of an anti-P 1 integrin antibody (Takakura et al., 1998). suggesting that 

integrin receptors rnay play a role in ce11 adhesion in TEK expressing cells. In order to fbrther 

elucidate other TEK binding partners from the integrin receptor family, the reported chernotactic 

activity of Ang-1 (Witzenbichler et al., 1998) could be assessed in TEK expressing ECs grown on 

various substrates representing the ligands for different integrins. An enhanced chemotactic 

response to a specific substrate rnay implicate a functional role for the interacting integrin(s). The 
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~0433 integrin is a candidate for association with TEK and/or TIE in ECs based on its expression 

and function in angiogenic and maturing ECs during development. (Brooks et al., 1994a; Drake et 

al., 1995). It rnay be informative to directly determine whether activated TEK CO-precipitates with 

this receptor. 

The functions of TEK and TIE in the hemato~oietic svstem 

Since Tek and Tie are expressed in subsets of hematopoietic cells, it is of interest how their 

inactivation by gene targeting affects hematopoietic development. This has been an important issue 

since a defect in hematopoiesis could contribute to the hemorrhaging, growth defects and 

embryonic lethaiity observed in both Tek and Tie mutant strains, as a number of mouse mutants of 

the hematopoietic system have demonstrated. 

The chimeras generated from Tie -1- <-> wild type morula aggregations described in 

Chapter 3 provided a means to study the function of T E  in hematopoiesis independent of vascular 

defects. In these chimeras, the hematopoietic cells derived from Tie-/- embryos were not selected 

against in various hematopoietic ce11 populations denved from adult bone marrow. Consistent with 

these results, livers of E15.5 Tie-/- embryos were found to contain hematopoietic progenitor and 

stem ce11 activity in murine transplantation experïments (Rodewald and Sato, 1996). Nevertheless, 

TIE function in Tie-/- hematopoietic cells may be compensated for by TEK which is CO-expressed 

in a subset of ceUs (Yano et al., 1997). 

Recent Nt vitro studies have implicated a function for TEK in definitive hematopoiesis 

(Takakura et al., 1998). Co-culture of ECs and hematopoietic progenitor cells from the AGM 

region from Tek-/- embryos cannot give rise to a repertoire of hematopoietic cells to the same 

extent as control littermates. However it is not clear from these assays whether the block in 

hematopoietic differentiation is the direct consequence of a defect in hematopoietic progenitor cells, 

or whether the EC microenvironment in which they differentiate is comprornised. 

Chimeras generated from embryos lacking functional TEK and TIE provide an ideal means 

to address this problem. Prelirninary studies of adult tielcz tekA~// t&n- tekme->wild-type 

chimeras revealed the presence of mutant embryo derived hernatopoietic cells in the peripheral 

circulation (Chapter 4 and data not shown) suggesting that a defect in stem ceil differentiation was 
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overcome. In order to circumvent the reduced survival of strong adult chimeras derived from 

double mutant embryos, the status of fetal liver hematopoiesis in chimeric embryos should be 

studied. This may be achieved by isolating and culturing fetd liver hematopoietic progenitors from 

E12.5 chimeric embryos in semi-solid media. GPI analysis of resulting pooled hematopoietic 

colonies relative to other non-hernatopoietic tissues will provide an assessrnent of the ability of 

hematopoietic stem cells lacking both TEK and T E  to give rise to differentiated hematopoietic 

lineages. A complete absence of contribution to hematopoietic cells by double mutant cells would 

signie that together TEK and T E  play a primary role in stem ce11 differentiation, whereas the 

presence of such cells would suggest that a defect in the vascular environment required for 

hematopoietic differentiation had been overcome. 

An intermediate result to the above (consistently lower contribution by double mutant cells 

to the hematopoietic compartrnent vs. other tissues) may necessitate a study of the capacity of tiezcz 

tek&p//tiezczn- tekhp cells to give rise to particular hematopoietic lineages. This may be achieved 

by in vitro CO-culture of the endothelium and hematopoietic progenitors of the AGM region 

(Takakura et al., 1998) of early gestation chimeras followed by fluorescence activated ce11 sorting 

(FACS) analysis of the resulting differentiated hematopoietic cells using lineage specific markers. 

Repopulation of the hematopoietic system of a lethally irradiated host by chimenc fetal liver cells is 

an additional means to evaluate the differentiative capacity of TEK and TIE deficient hernatopoietic 

progenitors. 

Gene repulation in endotheIia1 cells 

In contrast to cells of the skeletal muscle and hematopoietic lineages, little is known 

regarding the transcriptional mechanisms regulating the differentiation and maturation of ECs. 

Genes that are expressed specifically in ECs during vasculogenesis and angiogenesis show related 

but clearly distinct expression patterns (Kaipanen et al., 1993; Dumont et al., 1995), suggesting 

that highly specialized transcriptional control mechanisms contribute to the establishment of 

vascular pattern. Once fully differentiated, the endothelium exhibits a remarkable diversity of 

cellular properties that are uniquely adapted to the requirements of the underlying tissue (Cines et 

al., 1998). The chimex-ic analyses of TEK and T E  function presented in Chapters 2, 3 and 4 
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strongly suggest that some functiond heterogeneity (i.e. growth factorlsignailing requirernents) 

arnong different EC populations is already manifested during embryogenesis. The establishment 

and maintenance of this diversity is at least partly controlled at the transcriptional level since the 

expression of severai EC specific genes varies between blood vesse1 types and vascular beds in the 

embryonic and adult animai (Bahnak et al., 1989; Kaipanen et al., 1995; Lasalle et al., 1996; 

Wood et al., 1997; Wang et al., 1998). Thus, elucidation of EC specific transcriptional regulation 

is key to an overall understanding of the molecular mechanisms of vascular development and 

function. 

The promoter elements controlling EC specific expression are of additional interest because 

they may be useful in constructing targeting vectors for gene therapy against tumour-angiogenesis 

or other pathologicai conditions of the vasculature (for review see Ware and Simons, 1997; Finkel 

and Epstein, 1995). ECs line the lumens of blood vessels thus providing a readily accessible 

cornpartment for the transfection of gene therapy vectors injected directiy into the bloodstream. 

Moreover, the cells of essentially al1 tissues are located in close proximity to ECs facilitating the 

delivery of EC secreted proteins to various other ce11 types. Despite their importance to biological 

and medicai science, the regulatory regions of genes expressed primarily in ECs including Tie, 

VEGFR2, VEGFR- 1, von Willebrand's factor (vWF), intercellular adhesion rnolecule- 1 (ICAM- 

l), PECAM-1 and thrombomodulin have been identified and partially characterized only recently 

(Jahroudi and Lynch, 1994; Aird, et al 1995; Korhonen et al., 1995; Morishita et al., 1995; 

Patterson et al., 1995; Ronicke et al., 1996; Wakiya et al., 1996; Aird et al., 1997; Patterson et al., 

1997; Cowan et al., 1998). 

As described in Chapter 5 , I  used a transgenic approach to define the cis-acting regulatory 

elements of Tek which is expressed in both angioblasts and mature endothelium. Promoter 

elements conferring weak but EC specific expression at E10.5 were localized 900 bp upstrearn of 

the initiation codon. Sequence comparison to the corresponding region in the human TEK 

promoter revealed high homology and conservation of putative binding sites for a number of 

transcriptionai regulators. Binding sites for members of the GATA and ETS farailies were the most 

numerous and highiy conserved, thus strongly implicating these transcriptional activators in Tek 

gene regulation. Tandem ETS sites were found in a region of high interspecies sequence 
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conservation in the vicinity of the murine transcriptional start site. 

In addition, rny analysis of several independent lines of rransgenic mice identified a 2.3 kb 

genornic region capable of directing strong reporter gene expression in a Tek specific manner 

during vasculogenesis, up to the stage when further expansion of the vasculature occurs by 

angiogenesis. Reporter gene expression was down-regulated after E l  1.5 in most of the 

endothelium, and a transgene containing even 7.2 kb of Tek upstream genornic sequences did not 

completely reproduce the sustained Tek expression observed in late embryogenesis or in the adult. 

This suggests that Tek expression is regulated àifferentidly in early active ECs versus more mature 

endothelium. 

Recent studies showed that a short enhancer sequence from the first intron is necessq  for 

the Tek promoter to fbily recapitulate the endogenous gene expression in later ernbryogenesis and 

in the adult (Schlaeger et al., 1997). This enhancer contains putative binding sites for ETS and AP- 

2 factors, a conserved palindromic octamer (CAGATCTG) and a GT repeat sequence. Deletion or 

mutagenesis of the ETS sites inactivates the enhancer, and a mutation destroying the paiindromic 

octamer slightiy weakened the EC specific expression (Schlaeger et al., 1997). The same octamer 

sequence is present in the EC specific intracellular adhesion rnolecule-2 (ICAM-2) promoter 

region, and is required for full transactivation of ICAM-2. (Cowan et ai., 1998). The intron 1 

enhancer was cloned from the human TEK gene and shows 75% identity to the murine enhancer 

(MP, data not shown). 

The promoters of both mouse and human Tie genes have also been isolated and 

characterized (Korhonen et al., 1995). As was found for Tek, Tie does not contain classical 

promoter elements such as TATA or CAAT boxes. Significant homology between the human and 

mouse Tie promoters was seen in a 900 bp region upstream of the translational initiation codon. 

Interestingly, 800 bp included in this region recapitulated the expression of the endogenous Tie 

gene in transgenic rnice suggesting that unlike the Tek promoter, Tie regulatory elements are 

confied to the upstream genomic region. The Tie promoter contains many DNA elernents that dso  

occur in both the Tek promoter and intron 1 enhancer. For instance, several clustered ETS factor 

binding sites, the conserved (CAGATCTG) octarner and a GT repeat were identified in the Tie 

promoter. 

193 



The 900 bp Tek promoter region identified in Chapter 5 provides an ideal starting point for 

direct molecular characterization of the factors controIling Tek transcription since EC specific 

regulatory elements are present in this region. The candidate transcription factor binding sites 

identified by interspecies sequence cornparison could be confirmed as functionai binding sites in 

electromobility shift assays (EMSA) using mouse embryonic nuclear Lysates as a source of 

transcription factors. Supershifts of these protein/DNA complexes using antibodies to candidate 

regulators such as those of the GATA and ETS factor families as discussed below and in Chapter 5 

may reveal the identity of the bound transcription factors. 

Numerous ETS factor binding sites have been identified in the promoters of Tek and Tie 

and in the Tek intronic enhancer. ETS transcription factors comprise a f M y  of over 30 rnembers 

and are irnplicated in regulation of gene expression dunng many important biological processes 

including ce11 growth, transformation and differentiation. The ETS dotnain contained in dl 

members of this protein farnily recognizes a DNA site containing a centrally Located purine rich 

GGA sequence (Macleod et al., 1992; Waslyk et al., 1993). Many different ETS proteins can bind 

to the sarne ET'S binding site, and it has been suggested that the expression of specific ETS target 

genes in vivo is governed by the tissue specific expression of particular ETS factors. 

The developmental expression profiles of ETS-1, ETS-2, TEL and FLI-1 suggest these 

ETS factors as candidate regulators of Tek expression in vivo. The expression of both Ets-l and 

Ets-2 is associated with embryonic vascular network formation (Vandenbunder et al., 1989; 

Pardanaud and Dieterlen-Lièvre, 1993; Queva et al., 1993). Furthemore, Ets-I transcription 

correlates with EC growth during human vascular development (Wernert et al., 1992) and during 

tumour angiogenesis (Wernert et al., 1992; Wernert et al., 1994). Similady, Fli-1 is highly 

expressed in ECs throughout embryonic development (Melet et al., 1996). Targeted inactivation of 

TEL, another ETS factor expressed in the embryonic vasculature resulted in blood vesse1 defects in 

homozygous mutant embryos confirming a direct role for ETS factors in early vascular 

morphogenesis (Wang et al., 1997). Based on the above, it would be of  interest to determine 

whether any of these candidate ETS factors play a role in transactivating the Tek promoter. Co- 

transfections of expression vectors encoding cDNAs of these ETS factors and Tek promoter- 

reporter constructs could be used to address this issue. Two recently described ETS factors, 
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NERF4 and NERF-2 have been shown to play a role in regulating Tek expression in vitro 

(P.Oettgen, 1998, meeting abstract). It would be of interest to determine the sites in the Tek 

promoter or intronic enhancer to which these two regulators bind and whether they regulate Tek 

expression during embryogenesis. 

Further analysis of smaller segments of the promoter to identiQ additionai cis-regulatory 

elements would employ methods such as DNAseI footprinting which rely on the protection of 

genornic DNA from either enzymatic digestion or chemical modification by regulatory proteins 

bound to their cognate cis elements. Alternatively, several expression based scrzens have been 

descnbed and successfuliy implernented for cloning novel transcription factors (for example: Liu et 

al., 1994). The importance of specific transcription factors to Tek gene regulation could be 

confirrned by mutagenesis of the particular binding site followed by analysis of the effect on 

reporter gene expression either in tissue culture cells a d o r  in transgenic mice within the context of 

the 2.3 kb promoter whose expression pattern in vasculogenesis and early angiogenesis is now 

well defined. 

Finally , the Tek-lac2 transgenic lines reported in Chapter 5, and the heterozygous tieZcz and 

tiezczn- knock-in strains shown in Chapters 2, 3 and 4 fulfill the role of indicator strains for the 

processes of vascular development. Both strains have facilitated a more detailed understanding of 

the phenotypes of several mouse mutations that affect the vasculature in development including Tek 

(Dumont et al., 1994), rasGAP (Henkerneyer et al., 1995), VEGF (Carmeliet et al., 1996) Braf 

(Wojnowski et al., 1997), PDGF-B (Lindahl et al., 1998; Lindahl et al., 1997) and SHC (Venus 

Lai and Tony Pawson, in preparation). Furthermore, considering the sustained expression of Tie , 

and its apparently required role in most of the adult vasculature, the tielcz/+ mouse line provides a 

reagent with which to study the effects of various tumour angiogenesis therapies on both the 

tumour vasculature and the normal endothelium. For example, the efficacy of combination cytokine 

treatments on the vasculature of MMTV induced breast tumours using riielcz as a marker is 

currently undenvay at McMaster University (J. Gauldie, pers. commun.). 
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