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I. INTRODUCTION 

Statement of the problem and specific aims 

Blood vessel formation is essential for embryogenesis, wound healing, 

menstruation, and pregnancy [I, 2]. While much emphasis has been placed on 

understanding the initial event of endothelial-tube formation, relatively little attention has 

been paid to the interactions of endothelial cells and the surrounding mural cells 

(pericytes, smooth muscle cells and fibroblasts). Increasing evidence suggests that the 

communication of endothelial cells and mural cells is crucial for the assembly, 

subsequent maturation, and stabilization of blood vessels [3-5]. Abnormal interactions 

between these two cell types have been implicated in many pathological conditions, 

including tumor angiogenesis, diabetic microangiopathy, tissue calcification and stroke. 

However, the molecules mediating the heterotypic interaction are still largely unknown. 

Our previous studies have shown that in a three-dimensional (3-D) angiogenesis assay, 

mural cells enhance blood vessel formation and directly interact with endothelial cells 

[6]. During this process, Notch3 is one gene that is strongly induced in mural cells upon 

coculture with endothelial cells [6]. Notch3, the causative gene of the neurovascular 

disorder CADASIL [7], belongs to an evolutionarily conserved family of transmembrane 

receptors that are known to govern cell fate determination in diverse cell types [8]. Given 

that Notch receptors and ligands are expressed on both endothelial and mural cells and 
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Notch3 is upregulated in mural cells by coculturing with endothelial cells, it is reasonable 

to assume that the Notch3 receptor might regulate the association of endothelial and 

mural cells through receptor-ligand interaction during blood vessel formation. The goal 

of my thesis is to investigate how Notch3 gene expression is regulated in mural cells by 

endothelial cells and whether the Notch3 receptor is involved in the communication 

between endothelial and mural cells during blood vessel formation. To achieve these 

goals, three aims were proposed: 

Specific Aim I: To define how Notch3 expression m mural cells is upregulated by 

endothelial cells. 

Specific Aim 2: To determine if endothelial cell-induced Notch3 expression is critical for 

mural cell differentiation. 

Specific Aim 3: To determine whether Notch3 expression in mural cells modulates blood 

vessel formation under both physiological and pathological conditions. 
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Term 

a disintegrin and metalloprotease 

Angiopoietin 

cerebral autosomal dominant arteriopathy with 
subcortical infarcts and leukoence halo athy 

Delta-like 

Dominant negative Mastermind-like 

epidermal growth factor 

human coronary artery smooth muscle cells 

human dermal neonatal fibroblasts 

human umbilical artery smooth muscle cells 

human umbilical vein endothelial cells 

Jagged 

Notch extracellular domain 

Notch intracellular domain 

oxygen-induced retinopathy 

postnatal 

quantitative reverse transcriptase-polymerase 
chain reaction 

smooth muscle 

smooth muscle-myosin heavy chain 

transmembrane-intracellular domain 

vascular smooth muscle cells 

Abbreviations 

ADAM 

.Ang 

CADASIL 

Dll 

DN-MAML 

EGF 

HCASMCs 

HDFNs 

HUASMCs 

HUVECs 

Jag 

NECD 

NICD 

OIR 

p 

qPCR 

SM 

SM-MHC 

TMIC 

VSMCs 

Table 1. List of commonly used abbreviations throughout the subsequent text. 
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Literature review and rationale 

1.1 Blood vessel 

Blood vessels are part of the circulatory system that carries blood throughout the body. 

There are three major types of blood vessels: arteries, veins, and capillaries [9]. The 

arteries carry blood away from the heart. They have the property of elasticity, meaning 

that they can expand to accept a volume of blood, contract and squeeze back to their 

original size after the pressure is released. Arteries branch into arterioles as they get 

smaller. Arterioles eventually become capillaries, which are thin-walled vessels. 

Capillaries enable the exchange of nutrients and waste between the blood and body 

tissues. As the capillaries begin to thicken and merge, they become venules. Venules 

eventually become veins, which collect blood from the capillaries and return the blood to 

the heart. 

Arteries, veins, and capillaries are not anatomically the same. Tlie arteries and veins have 

the similar structure with three distinct layers, which are tunica intima, tunica media and 

tunica adventitia (Figure 1 ). The tunica intima, the innermost layer, consists of a single 

layer of longitudinally arranged squamous endothelial cells and a thin layer of connective 

tissue that secretes a layer of internal elastic lamina. The tunica media primarily contains 

multiple layers of helically arranged smooth muscle cells, which cause vasoconstriction 

and vasodilation. The outermost tunica adventitia is composed of connective tissue 

containing fibroblasts. However, the composition and thickness of layers varies with the 

diameter of the blood vessels and the type, which are designed to accommodate varying 
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levels of blood flow and pressure, depending upon the location within the body. For 

example, arteries which are exposed to higher pressures have thicker walls and smaller 

lumenal diameters than accompanying veins. Compared with arteries and veins, 

capillaries only consist of a layer of endothelium which is surrounded by an underlying 

basal lamina and occasional pericytes. 

In addition to providing an inner lining to the blood vessels, endothelial cells are also 

involved in other activities critical to maintaining normal growth and function [10], 

including: 1) Secretion of bioactive molecules to affect local cellular environments; 2) 

Mediate angiogenesis and normal microvascular growth; 3) Transport molecules from the 

blood to the interstitial fluid; 4) Interact with adjacent smooth muscle cells during growth 

and disease. 

Vascular smooth muscle cells (VSMCs ), which are differentiated from embryonic stem 

cells during development, are characterized by the appearance of contractile proteins, 

including smooth muscle (sm) a-actin, calponin, SM-22 and smooth muscle-myosin 

heavy chain (SM-MHC) [11-14]. The expression of these contractile markers is restricted 

to the VSMC lineage and required for VSMC contraction and regulation of blood 

pressure under physiological conditions. In normal physiological states, VSMCs maintain 

this "contractile" or differentiated phenotype, expressing high levels of contractile 

markers. In this state, they do not generally proliferate, migrate, or secrete significant 

amounts of extracellular matrix. However, unlike skeletal and cardiac myocytes, which 

are terminally differentiated, VSMCs are not terminally differentiated and possess the 
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ability to change phenotypes. In response to various stimuli, VSMCs undergo 

dedifferentiation and readily convert to a "synthetic" phenotype, exhibiting increased 

capabilities for migration and proliferation, and decreased expression of contractile 

markers. For example, in response to extracellular cues released at sites of vascular injury 

or within atherosclerotic lesions, VSMCs exhibit decreased expression of contractile 

proteins and increased migration, proliferation, and production of extracellular matrix 

components as well as matrix metalloproteases and repair vascular damages. 
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Figure 1. The structure of blood vessel. The walls of blood vessels are composed of 

three layers, which are tunica intima, tunica media and tunica adventitia, from inside to 

outside. The tunica intima consists of a single layer of endothelial cells and a thin layer 

of connective tissue that secretes a layer of intemal elastic lamina. The tunica media 

primarily contains smooth muscle cells. The tunica adventitia is composed of connective 

tissue containing fibroblasts. 
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1.2 Vessel formation 

Blood vessel formation is a dynamic and complex process that serves a vital role in both 

health and disease [1]. Blood vessels arise via vasculogenesis and angiogenesis. 

Vasculogenesis refers to the de novo formation of vessels from the differentiation of 

mesodermal precursor cells or angioblasts [ 15]. Angiogenesis is the outgrowth of new 

capillaries from the pre-existing vessels, which is a highly coordinated and tightly 

regulated process [2]. At its onset, endothelial cells coalesce into tube-like structures, 

which become stabilized by the recruitment of mural cells that encase the nascent vessel 

[1], including pericytes in the microvascularture and vascular smooth muscle cells 

(VSMC) in the larger vessels. A host of studies have implied that the interaction between 

endothelial cells and mural cells is required for vascular formation, stabilization, 

remodeling and function [3, 5]. Failure of the interactions between these two different 

cell types results in severe and often lethal cardiovascular defects [3]. However, how 

endothelial cells and mural cells communicate with each other remains poorly 

understood. Hence, investigating the mechanisms that govern these heterotypic 

interactions is critical for elucidating the basic biology of blood vessel formation, and 

from a clinical perspective, for discovering the underlying defects that cause vascular 

associated diseases and malformations. 

Several different ligand-receptor systems have been implicated in regulating the 

development and maintenance of vasculature through the interaction of endothelial cells 

and mural cells [3, 16]. The de novo induction of VSMC around the blood vessels 

depends on endothelial-derived TGF-~, which is also important for VSMC differentiation 
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m vivo and in vitro [3, 17]. Angiopoietin-1-Tie2 signaling is critical for vessel 

maturation and stabilization [3, 18]. The endothelial cell secreted PDGF-B is necessary 

for the recruitment of pericytes to newly formed vessels through PDGFR-~ [19-21]. In 

addition to these molecules, it is believed that other signaling pathways could meditate 

the interaction of endothelial cells and mural cells. Recently, Notch signaling has 

emerged as an interesting candidate, which can mediate communication between adjacent 

cells and play a significant role in regulating the development and remodeling of the 

vasculature [22]. Given Notch3 is upregulated in mural cells upon coculturing with 

endothelial cells, we questioned whether Notch signaling is involved in regulating this 

heterotypic interaction during vascular development. 

1.3 Notch structure 

Mammals express four Notch receptors (Notch 1-4) [23]. All full-length Notch receptors 

are initially synthesized as a single polypeptide chain, which subsequently undergo an S 1 

proteolytic cleavage occurring in the trans-Golgi compartment by a furin-like convertase 

during maturation. The Notch receptor is eventually present at the cell surface as a 

heterodimer composed of its extracellular domain, non-covalently attached to the 

transmembrane-intracellular domain (TMIC). Notch receptors are single-pass 

transmembrane glycoproteins, containing multiple conserved domains (Figure 2) [24]. 

The large Notch extracellular domain (NECD) contains 29-36 tandem epidermal growth 

factor (EGF)-like repeats and three repeats of a LIN12/Notch cysteine-rich motif, both of 

which regulate ligand binding. The Notch intracellular domain (NICD) includes a 

recombination signal binding protein-JK (RBP-JK)-associated module (RAM) domain, 
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seven consecutive cdclO/ankyrin repeats (ANK repeats), two nuclear-localization 

sequences (NLS), a transactivation domain (TAD) (in Notchl and Notch2) and a PEST 

(proline-glutamic acid-serine-threonin) motif at the C-terrninus. The RAM domain 

interacts physically with an effector protein CSL (CBFl!RBPJK, Su(H) and LAG-1); the 

ANK repeats mediate additional protein-protein interactions; the PEST motif promotes 

degradation of the intracellular domain of Notch in certain contexts [24]. Notchl and 

Notch2 share a similar domain structure, whereas Notch3 and Notch4 are structurally 

divergent, lacking the transactivation domain that is seen in Notchl and Notch2. Notch4 

is the least conserved Notch receptor, having considerably shorter extracellular and 

intracellular domains. In addition, in mammals, five ligands have been described, 

including Jagged (Jag) 1, Jag2, Delta-like (Dll) 1, Dll3, and Dll4. Notch ligands are also 

single-pass transmembrane proteins that contain multiple EGF-like repeats in their 

extracellular domains. 
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Figure 2. Notch receptor structure. Notch receptors are single-pass transmembrane 

proteins. The large Notch extracellular domain contains 29-36 tandem epidermal growth 

factor (EGF)-like repeats and three repeats of a LINJ2/Notch cysteine-rich motif. The 

Notch intracellular domain includes a recombination signal binding protein-JTC(RBP

JTC)-associated module (RAM) domain, seven consecutive cdclO/ankyrin repeats (ANK 

repeats), two nuclear-localization sequences (NLS), a transactivation domain (TAD) (in 

Notch] and Notch2) and a PEST (proline-glutamic acid-serine-threonin) motif at the C-

terminus. 
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1.4 Notch signaling pathway 

Notch signaling is initiated when the extracellular domain of the receptor binds to its 

ligand on neighboring cells. The ligand binding induces a conformational change [25] 

and triggers two sequential proteolytic cleavages of the Notch receptors, termed S2 and 

S3 cleavage (Figure 3). The S2 cleavage occurs just external to the transmembrane 

domain and releases the extracellular domain from the intracellular domain. This 

cleavage is catalyzed by ADAM10 (a disintegrin and metalloprotease 10) [26]. It is 

followed by an S3 cleavage within the transmembrane domain, mediated by a 

multiprotein y-secretase complex, which releases the Notch intracellular domain (NICD) 

from the membrane. Liberated NICD then translocates to the nucleus where it associates 

with the transcription factor CSL, which is a DNA-binding protein that recognizes the 

consensus sequence YGTGDGAA. In the absence of Notch signaling, the CSL protein 

represses transcription of various target genes through its association with the co

repressors SMRT, NcoR, CIR, SHARP, KyoT2, and Skip. Nuclear translocation of NICD 

displaces the co-repressors and forms a complex with CSL. NICD/CSL recruits co

activators Mastermind-like (MAML), histone acetyltransferases CREB-binding protein 

(CBP)/p300 and p300/CBP-associated factor (P/CAF) to regulate downstream gene 

expression, including Hes (hair/enhancer of split) and Hey/Herp (Hes-related repressor 

protein, also called Hrt) families of transcription factors [24]. 
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Figure 3. A diagram of the canonical Notch signnling pathway. Upon binding with the 

ligand on neighboring cells, Notch receptor undergoes two sequelltial proteolytic 

cleavages, S2 and S3 cleavage. The S2 cleavage is catalyzed by ADAMJO, and the S3 

cleavage is mediated by y-secretase. After cleavages, Notch illtracellular domain (NICD) 

is released from the membrane and trans locates to the nucleus where it associates with 

the transcription factor CSL and co-activator Mastermind-like (MAML) to regulate 

downstream gene expression. 
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1.5 Regulation of Notch ligand-receptor interactions 

Different Notch receptors and ligands have both overlapping and distinct tissue 

distributions during development. The differential expression patterns of the ligands and 

receptors partially explain the specificity of Notch ligand-receptor interactions [27]. In 

addition, the regulation of post-translational modifications of Notch proteins has emerged 

as important mechanisms that result in specific ligand-receptor interactions and 

activation. Notch receptors are large glycoproteins: many of their EGF repeats in the 

extracellular domain have 0-fucosylation consensus sequence, which can be modified by 

protein 0-fucosyltransferase (Pofutl) [28]. Elevated expression of Pofutl has been 

reported to exert both positive and negative effects on Notch receptor-ligand binding [29, 

30] . Thereafter, elongation of 0-fucose is dependent on Fringe proteins (Lfng, Lunatic 

fringe; Mfng, Manic fringe; and Rfng, Radical fringe), which add more sugar moieties to 

Notch receptors [28, 31]. This modification in Notch proteins effectively creates different 

forms of the receptors, which differ in their responsiveness to Notch ligands. In the 

Drosophila wing, Fringe potentiates the ability of ligand Delta to activate Notch, but 

inhibits the ability of the other ligand Serrate to activate Notch signaling [32-34]. In 

parallel, in cultured-mammalian cell assays, it has been reported that Lfng modifies 

Notch to enhance Dlll-to-Notchl signaling, but to inhibit Jaggedl-to-Notchl signaling 

[35, 36]. However, the exact mechanistic contribution of sugars to Notch signaling 

remains unknown. 

1.6 Notch signaling in vascular development 
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Notch signaling is evolutionarily conserved and has a central role in cell fate 

determination during development [37, 38]. Genetic and cellular evidence clearly 

demonstrates that Notch signaling regulates diverse biological processes, including 

neurogenesis [39], myogenesis [40], hematopoiesis [41] and vascular development [22, 

42]. In mammals, Notch receptors have both overlapping and distinct tissue distributions. 

Notch! is broadly expressed in many tissues, including brain, liver, heart, lung, kidney, 

intestine, bone marrow, skeletal muscle, spinal cord, eye, thymus and vascular 

endothelial cells [43]. Notch2 is predominantly expressed in the brain, liver, kidney and 

stomach [44]. Unlike Notch!, Notch3 and Notch4 expression are considerably more 

restricted. Notch3 is predominantly expressed in vascular smooth muscle cells [45], while 

Notch4 expression is restricted to vascular endothelial cells [46]. In vasculature, Notch! 

are mainly expressed in endothelial cells, while Notch2 are expressed in mural cells. Four 

of the five known mammalian Notch ligands (Jagged!, Jagged2, Dlll and Dll4) are 

expressed in endothelial cells; Jagged 1 is also expressed in smooth muscle cells 

surrounding the arteries [47]. Likewise, Notch signaling downstream mediators (Hes/Hrt) 

are highly expressed in endothelial cells and mural cells. 

Functional studies in mice have indicated a role of Notch signaling during vascular 

development as well as in the maintenance of vessel homeostasis in the adult [22]. These 

roles include the regulation of arteriovenous specification, differentiation of both 

endothelial cells and vascular smooth muscle cells, regulation of blood vessel sprouting 

and branching, and the physiological responses of vascular smooth muscle cells. For 

example, targeted deletion of murine Notch! results in lethality at embryonic day 11.5 
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(E 11.5) owing to widespread cell death and impaired somitogenesis, neurogenesis and 

angiogenesis [ 43, 48, 49]. Endothelium-specific deletion of Notch! causes profound 

vascular defects in the embryo proper, the yolk sac and the placenta [50]. Whereas 

Notch4·'· mice appear to be normal, Notchl·'-INotch4·'· embryos die at E9.5, exhibiting a 

more severe disruption of angiogenic vascular remodeling indicating a genetic interaction 

between Notch! and Notch4 in the vascular endothelium [49]. In gain-of-function 

studies, increases in Notch4 signaling in mice result in a growth and developmental 

delay, and embryonic lethality between E9.5 and El0.5. The extent of the developing 

vasculature in mutant embryos is restricted, and vascular networks are disorganized [51]. 

Although no expression of Notch2 is detected in large vessels, Notch2-deletion also 

causes embryonic lethality with hemorrhage, possibly resulting from poor development 

of vascular structures [44, 52]. Moreover, Dll4-targeted mutant mice show a loss of 

arterial identity and arteriovenous malformations [53, 54]. Reduced Dll4/Notch signaling 

leads to severe patterning defects in the early development of retinal vasculature, with 

increased filopodia! extensions and tip cell numbers [55]. These data indicate that Dll4 

expression can regulate artery-vein specification and endothelial tip-cell selection during 

vessel sprouting. Although Notch3_,_ mice are viable and fertile, they exhibit marked 

defects in the maturation of vascular smooth muscle cells [56]. Together, these studies 

strongly suggest that the level of Notch signaling is critical for proper blood vessel 

development. 

1. 7 Notch signaling and diseases 
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Studies have demonstrated that when the normal functions of Notch signaling become 

dysregulated they are responsible for the pathogenesis of several human diseases [22, 57]. 

Alagille syndrome (AGS), an autosomal dominant disorder, is caused by mutations in the 

Jagged! gene [58, 59]. AGS is characterized by developmental abnormalities of the liver, 

heart, eye, skeleton and several other organs [ 60, 61]. AGS patients typically present with 

neonatal jaundice and cholestasis resulting from a paucity of intrahepatic bile ducts. 

Accompanying features of AGS include cardiac defects, skeletal defects, 

ophthalmological abnormalities, renal and pancreatic abnormalities, and intracranial 

bleeding [60-62]. In spondylocostal dysostosis (SD), vertebral segmentation defects are 

associated with rib anomalies [63]. One particular form of autosomal recessive SD is 

caused by mutation in Dll3 [64]. Patients with SD exhibit short trunk dwarfism due to 

multiple hemivertebrae accompanied by rib fusions and deletions [63]. Abnormal Notch! 

signaling, resulting from chromosomal translocation, point mutations, insertions and 

deletions has been linked to human T -cell acute lymphoblastic leukemias (T-ALL) [65]. 

Over-expression of active Notch 1 intracellular domain in bone marrow results in T -cell 

leukemia in 100% of transplanted mice [66]. Similarly, when Notch4 gene is integrated 

with a mouse mammary tumor virus MMTV, which generates a constitutively active 

mutant, its overactivation is associated with manunary tumors in mice [67]. It is also 

found that Notch4 is expressed in several tumor cell lines [68]. Similar to other members 

of the family, deregulated Notch3 signaling underlies human pathologies. Notch3 gene 

mutations cause a human vascular disorder termed cerebral autosomal dominant 

arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL). CADASIL 

is an inherited early stroke syndrome leading to dementia due to systemic vascular 
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degeneration and eventual loss of VSMCs within the arterial wall [7, 69]. This pathology 

suggests that Notch3 may be functionally important in maintaining the homeostasis of 

VSMCs. 

1.8 Notch3 and vascular smooth muscle cell phenotype 

Notch3 is predominantly expressed in vascular smooth muscle cells, and is absent from 

endothelial cells [45]. A number of studies have provided evidence that Notch3 

contributes to the regulation of smooth muscle cell phenotypes, such as differentiation, 

proliferation and survival. An overexpressed Notch3 intracellular domain in smooth 

muscle cells retards the growth rate of these cells during the subconfluent phase and fails 

to decelerate at post-confluence [70]. The overexpression of NICD3 in VSMCs promotes 

VSMC survival in response to the proapoptotic Fas ligand (FasL) dependent upon cross

talk activation of the ERKIMAPK pathway [71]. 

In addition to the role of Notch3 in the regulation of smooth muscle cell proliferation and 

survival, Notch3 is also critical for smooth muscle differentiation. The Notch3-deficient 

mice exhibit impaired arterial differentiation of VSMCs [56]. It is indicated by a marked 

reduction in expression of the smooth muscle marker smoothlin in the mutant arteries. 

Moreover, when an arterial smooth muscle-specific SM-22 promoter-driven LacZ 

reporter is introduced into the Notch3-deficient background mice, ~-galactosidase 

expression is strongly reduced in arterial VSMC compared with control mice. These data 

directly indicate a role of Notch3 in SMC arterial differentiation [56]. However, in vitro 

studies by overexpressing Notch intracellular domain have provided conflicting data 
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regarding the ability of Notch3 to promote or inhibit smooth muscle differentiation [72-

74]. These data suggest that Notch3's function in smooth muscle differentiation is 

context-dependent. Our previous data have shown that Notch3 expression is dramatically 

upregulated in mural cells cocultured with endothelial cells. However, whether 

endothelial-induced Notch3 signaling regulates mural cell differentiation is not known. 

1.9 Notch3 function in vascular development 

Vascular smooth muscle cell behaviors (cell growth, migration, differentiation and 

apoptosis) are fundamental features in vascular development or pathogenesis of vascular 

disease [75]. Since Notch3 is a critical determinant of the phenotype of VSMCs, it is not 

surprising that Notch3 is important for maintaining normal vessel function. Genetic 

studies have implied that Notch3 is required to generate functional arteries [56, 76]. In 

mice, the elaboration of fully functional arteries begins during late embryogenesis with 

arterial differentiation of VSMCs, continues postnatally with the subsequent maturation 

of VSMCs with changes in both morphology and orientation, and ends around P28 when 

the artery acquires its final shape. However, this remodeling process is strongly impaired 

in the Notch3 deficient mice [56]. These mice exhibit prominent structural defects in the 

distal small arteries, including enlargement of the vessels, impaired differentiation and 

defective maturation of VSMCs [56]. In terms of maturation of VSMCs in Notch3 mutant 

mice, they exhibit elongated cell shape and a marked reduction in cytoskeletal 

components. In addition, they form abnormal clusters of cells with poor orientation 

around the lumen. Functionally, Notch3 deficiency impacts autoregulation of cerebral 

blood flow (CBF), cerebrovascular resistance (CVR), and vascular myogenic tone in 
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resistance arteries [56, 76]. Taken together, these results indicate that Notch3 is required 

to generate functional arteries by regulating arterial differentiation and maturation of 

VSMCs [56, 76]. The arterial defects are mainly observed in small arteries, and are 

milder or absent in the major elastic arteries of the trunk, suggesting Notch3 is 

functionally important in small resistance arteries. In addition, given the fact that 

maturation of arterial vessels parallels the increase in arterial blood pressure, which 

occurs during the first month after birth [77], it is believed that Notch3 may act as a 

sensor or transducer to regulate the maturation of SMCs in response to mechanical 

stretching of the vessel wall by the intraluminal blood pressure [56, 76]. 

1.10 Notch3 and diseases 

Although targeted deletion of murine Notch3 does not lead to embryonic lethality, 

genetic mutation, amplification and deregulated expression of Notch3 have been linked to 

the development of human diseases. 

1.10.1 Notch3 and CADASIL 

Notch3 gene mutations cause CADASIL, which is an adult-onset autosomal dominant 

vascular disorder [7, 78], leading to migraines with aura, subcortical ischaemic events, 

mood disturbances, apathy, cognitive impairment and dementia [79]. Microscopic and 

ultrastructural examinations show that CADASIL mainly affects the small arteries. This 

arteriopathy is characterized by the presence of a non-amyloid granular osmiophilic 

material (GOM) in the extracellular matrix, the accumulation of the extracellular domain 

of Notch3 protein around vascular smooth muscle cells and pericytes of small arteries 
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and capillaries, and systemic vascular degeneration and eventually loss of VSMCs from 

the arterial wall. Although clinical manifestations are only in the brain, arteriopathy is 

also present in other organs, such as the spleen, liver, kidneys, muscle, aorta, retina and 

skin. In fact, skin biopsy is used as a diagnostic test for CADASIL [80]. 

Although Notch3 is found to be the causative gene for CADASIL, the mechanisms by 

which Notch3 mutations become pathogenic are still unclear. In vitro studies have shown 

that most CADASIL-associated Notch3 mutant alleles can activate RBP-JK transcription 

at wild-type levels [79], suggesting that CADASIL pathology is not due to the 

malfunction of Notch3-CBF1/RBP-JK pathway, and there is an alternative Notch3-

mediated pathway that regulates the VSMC function and survival in this disease. Notch3 

receptor has 2321 amino acid with an extracellular domain containing 34 EGF repeats, 

each including six cysteine residues forming three disulphide bonds. All CADASIL 

mutations occur in these EGF repeats, with strong clustering in EGF repeats 2-5 close to 

theN-terminus of the protein [78]. Two mutations (C428S and C455R) are located in the 

EGF-repeats 10/11, the predicted putative ligand binding site. The majority of mutations 

are missense mutations; others are small in-frame deletions or splice-site mutations. All 

mutations result in an odd number of cysteine residues within a given EGF-repeat [79]. 

Some evidence indicates that the odd number of cysteine residues within a given EGF

repeat can disrupt the disulfide pairing, which may lead to a conformational change of the 

domain and impair Notch receptor trafficking. Other studies strongly support the idea that 

the mutant Notch3 receptors in CADASIL patients act through gain-of-function 

mechanisms, such as novel protein-protein interactions, due to the change of the number 
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of cysteine residues. Eventually, the unpaired cysteine residues might titrate key factors 

for viability and function of vascular smooth muscle cells within the deposits of GOM. 

1.10.2 Notch3 and pulmonary arterial hypertension 

Pulmonary arterial hypertension (P AH) is characterized by excessive vascular resistance, 

smooth muscle cell proliferation in small pulmonary arteries, and progressive increase in 

pulmonary vascular resistance [81]. Studies have shown that Notch3 expression level and 

activity are much higher in small pulmonary artery smooth muscle cells from PAH 

patients, from mice with hypoxia-induced PAH and from rats with chemically induced 

PAH than those in tissue from the respective non-PAH controls. The severity of disease 

in humans and rodents correlates with the amount of Notch3 protein in the lung. 

Mechanistically, enhanced Notch3 receptor through the Hes-5 protein promotes smooth 

muscle cell proliferation and results in the loss of smooth muscle cell differentiation 

marker gene expression. Mice with homozygous deletion of Notch3 do not develop 

pulmonary hypertension in response to hypoxic stimulation, and they have no medial 

thickening in the small pulmonary arteries and arterioles compared with wild-type 

controls. 1n addition, wild-type mice with hypoxic pulmonary hypertension can be 

successfully treated with a daily dose of a y-secretase inhibitor that blocks Notch 

signaling. These results suggest that the Notch3 signaling pathway is crucial for the 

development of pulmonary arterial hypertension. 

1.10.3 Notch3 and cancers 
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In addition to the association with pulmonary arterial hypertension, Notch3 signaling 

pathway has been shown to be involved in cancers. Notch3 gene amplification has been 

detected in ovarian high-grade serous carcinomas (HGSC), which is the most common 

and malignant type of ovarian cancer. Ovarian cancer cells are dependent on Notch3 

signaling for cellular survival and growth [82]. New evidence has indicated that Notch3 

upregulation is related to recurrence of ovarian cancer. Patients with recurrent HGSCs 

expressing high level of Notch3 had reduced overall survival and shortened progression

free survival than did patients with low Notch3 expressing HGSC [83]. Similarly, 

overexpression of Notch3 has been reported in human resected non-small cell lung 

cancers. Inhibiting Notch3 pathway in human lung tumors reduces the growth, increases 

growth factor dependence, and prevents the malignant phenotype of tumor cells [84, 85]. 

Moreover, enforced expression of Notch3 intracellular domain, when targeted to the T

cell lineage, is a potent inducer of T-cell leukemia in mouse models [86]. Enhanced 

expression of Notch3 has been reported in all investigated cases of human T-cell acute 

lymphoblastic leukemia, highlighting a general function for Notch3 in this process [87]. 

Together the above studies imply that Notch3 plays a critical role in vascular 

development, physiology of distal arteries and human diseases. However, how Notch3 

expression is regulated especially in vasculature during both physiological and 

pathological conditions is still largely unknown. Whether Notch3 mediates the 

communication between endothelial cells and mural cells is not clear; and the molecular 

mechanisms leading to the development of Notch3-related diseases remain elusive. 
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Abstract 

Endothelial cells and mural cells (smooth muscle cells, pericytes, or fibroblasts) are 

known to communicate with one another. Their interactions not only serve to support 

fully functional blood vessels, but also can regulate vessel assembly and differentiation or 

maturation. In an effort to better understand the molecular components of this heterotypic 

interaction, we utilized a 3-dimensional model of angiogenesis and screened for genes, 

which were modulated by coculturing of these two different cell types. In doing so, we 

discovered that NOTCH3 is one gene whose expression is robustly induced in mural cells 

by coculturing with endothelial cells. Knockdown by siRNA revealed that NOTCH3 is 

necessary for endothelial-dependent mural cell differentiation, whereas overexpression of 

NOTCH3 is sufficient to promote smooth muscle gene expression. Moreover, NOTCH3 

contributes to the proangiogenic abilities of mural cells cocultured with endothelial cells. 

Interestingly, we found that the expression of NOTCH3 is dependent upon Notch 

signaling, as the y-secretase inhibitor DAPT blocked its upregulation. Furthermore, in 

mural cells, a dominant-negative Mastermind-like! construct inhibited NOTCH3 

expression, and endothelial-expressed JAGGED 1 was required for its induction. 

Additionally, we demonstrated that NOTCH3 could promote its own expression and that 

of JAGGED! in mural cells. Taken together, these data provide a mechanism by which 

endothelial cells induce the differentiation of mural cells through activation and induction 

of NOTCH3. These findings also suggest that NOTCH3 has the capacity to maintain a 

differentiated phenotype through a positive feedback loop that includes both 

autoregulation and JAGGED! expression. 
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Introduction 

Within the vasculature, endothelial cells and mural cells (defined here as vascular support 

cells that include smooth muscle cells, pericytes, and fibroblasts) are closely associated, 

and can regulate each other's activity throughout development and into adulthood [ 4, 5, 

16]. Several groups have shown that mural cells influence blood vessel assembly by 

controlling such events as endothelial cell proliferation, migration, sprouting and 

regression [88-94]. Later, in intact vessels, these cells influence how endothelial cells 

respond to humoral and hemodynamic cues [95]. Likewise, endothelial cells are known to 

modulate mural cell phenotype and function. In addition to proliferation and migration, 

endothelial cells can promote smooth muscle differentiation, and influence contractile 

activity [75, 96]. Despite their intimate association and obvious abilities to respond to one 

another in intact vessels, there is still much to be learned about the nature of their 

interactions, particularly during blood vessel formation. 

A handful of signaling mediators form the basis of our understanding about how these 

two cell types communicate during vasculogenesis and angiogenesis. Growth 

factor/receptor families including PDGF-B/PDGFR-B, TGF-B, and Angiopoietin-Tie2, 

have established roles in their interactions [4, 16]. For these, secreted factors uniquely 

expressed from one cell type bind to a receptor on the other cell type to trigger 

downstream events that influence behavior. Additionally, cell-specific extracellular 

matrix deposition, matrix metalloproteinases (MMPs ), and their inhibitors (TIMPs) can 

directly affect the activities of these cellular neighbors [4, 90, 93, 97]. These modes of 
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communication act independently of cell contact, however direct cell-cell contact has also 

been shown to play a role in endothelial/mural cell crosstalk [98]. Recently, the Notch 

signaling pathway has emerged as an interesting candidate that may have a vital function 

in modulating the interactions of endothelial cells and mural cells [99, 100]. 

The Notch family of membrane-bound receptors have a prominent place in vascular 

development [22, 24, 101]. Notch receptors (NOTCH1-4), their ligands (Delta-like, and 

Jagged), and downstream mediators (HES/HEY) are highly expressed in both endothelial 

cells and mural cells (smooth muscle cells) in distinct combinations. A host of studies 
• 

have helped to define their specific activities within the vasculature that include 

regulation of angiogenic remodeling, arterial/venous specification, and tip cell 

differentiation [22, 101]. For example, loss of Notch1 in mice, which is abundantly 

present in endothelial cells, results in an array of vessel abnormalities such as 

disorganized intersomitic vessels, an absence of remodeling, and defects in arteriogenesis 

[49, 50, 54]. In vascular smooth muscle cells, Notch3 is the predominant Notch receptor, 

and is the causal gene for the neurovascular disorder CADASIL [7, 102]. Targeted 

inactivation of the mouse Notch3 gene revealed defects in smooth muscle maturation 

[56], indicating a potential role in differentiation, among other things. In support of this, 

neural crest ablation of Notch activity similarly prevents smooth muscle differentiation 

[103]. Several independent studies examining the role of Notch on smooth muscle gene 

expression have shown that an overexpressed Notch intracellular domain can promote the 

expression of smooth muscle genes [104-107]. Yet, these reports contrast others, which 

have demonstrated robust inhibition of smooth muscle gene expression by Notch [74, 
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108, 109]. A more recent report has hinted that these discrepancies might be explained by 

context-dependent activity that is controlled by the ratio of the Notch activator relative to 

its downstream repressor proteins (HES/HEY) [107]. 

Given that Notch signaling is initiated by cell-cell contact of membrane bound receptor

ligand combinations, it is reasonable to assume that these proteins regulate the 

communication between endothelial and mural cells within the vasculature. Data 

supporting this hypothesis comes from an endothelial-specific knockout of Jagged 1 that 

gives rise to an embryonic lethal phenotype with an absence of smooth muscle gene 

expression in the vasculature [99]. These findings strongly support a role for Notch 

signaling in the association of these two cell types, but the extent and the precise 

mechanisms underlying Notch-dependent interactions remain to be elucidated. 
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Materials and Methods 

Cell culture 

Primary cultures of human umbilical vein endothelial cells (HUVECs) were purchased 

from Lonza, and grown in complete EBM-2 media. Human dermal fibroblasts (HDFNs) 

from neonatal foreskin were purchased from Cascade Biologics, and cultured in 

Dulbecco's modified Eagle's medium (DMEM) (Mediatech, Inc.) supplemented with 5% 

fetal bovine serum (FBS) (Hyclone), and 100I.U./rnl penicillin-streptomycin. Cells 

between passages 4 and 9 were used for all experiments. Human umbilical artery smooth 

muscle cells (HUASMCs), human coronary artery smooth muscle cells (HCASMCs) 

from Lonza, and bovine retinal pericytes from American Type Culture Collection 

(ATCC) were grown in DMEM supplemented with 10% FBS, 100I.U./rnl penicillin

streptomycin and 25!lg/rnl insulin. Cells between passages 5 and 12 were used for 

experiments. All cultures were maintained in humidified 5% C02 at 37 °C. For 2-

dimensional coculture, 6x104 mural cells were plated in 12-well plates, and after 

adhesion, 6x104 HUVECs were added. y-secretase inhibitor DAPT (Calbiochem) was 

added 30 minutes prior to the addition of HUVECs for indicated experiments. All cells 

for experiments were placed in the same media used for angiogenesis assays [90], and 

cultured for 48 hours, or as noted. To separate endothelial and mural cells, anti

PECAM1-conjugated Dynabeads (Invitrogen) were used following manufacturer's 

instructions. The separated cells were then processed for Western blot analysis or 

quantitative RT-PCR (qPCR). 
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Angiogenesis assay 

Angiogenesis assays were performed as described [90]. Collagen-embedded cells were 

fixed in 4% formaldehyde, and stained with lOfLg/ml TRITC labeled-lectin (Ulex 

europaeus UEA-1) (Sigma) for imaging. For prelabeling, fibroblasts were loaded with 

CellTracker Dye Green CMFDA (10!-lM) (Molecular Probes) for 30 minutes in serum 

free media, and used directly in angiogenesis assays. Vessel images were taken using a 

Zeiss LSM confocal microscope at lOOX magnification and a Leica DM5000B 

microscope at 400X magnification. For NOTCH3 knockdown experiments, the relative 

area of vessels was measured using Nlli ImageJ software [90]. To evaluate NOTCH3 

expression, the cocultured cells were harvested by collagenase II digestion and 

trypsinization, and separated by anti-PECAMI-conjugated Dynabeads. 

Plasmid constructs 

A 5XCBFI-luciferase plasmid was generated as described [73]. Dominant negative 

Mastermind-like! (DN-MAML) [110] was generated by PCR and cloned in frame with 

green fluorescent protein (GFP) and a nuclear localization signal using vector pEGFP-N 1 

(Invitrogen). Primers to amplify amino acids 13-74 of the human gene were: 5'-TAT 

GTA CAT GCT GCC GCG GCA CAG CGC G-3'; and 5'-ATT TGT ACA CGT GCT 

TCC CGG CGC GCT T-3'. Sequence encoding DN-MAML fused C-terminally to GFP 

was subcloned into lentivirus expression vector pCDFI-MCS2-EFI-copGFP (System 

Biosciences). The sequence encoding human NOTCH3 intracellular domain (NICD3) 

was amplified by reverse transcriptase polymerase chain reaction (RT-PCR) (primers: 5'

GCT CTA GAA TGG TGG CCC GGC GCA AGC GCG-3' and 5'-GCG GAT CCC 
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TAG GCC AAC ACT TGC CTC TTG GG-3') and cloned into p3XFLAG-CMV-7 

(Sigma). It was then subcloned into lentivirus expression vector pCDF1-MCS2-EF1-

copGFP. Notch3-specific small hairpin RNA (shRNA) oligomers were synthesized by 

IDT as the following sequences: sense 5'-GAT CCG TCA ATG TIC ACT TCG CAG 

TT/C TTC CTG TCA GAIA ACT GCG AAG TGA ACA TTG ACT TTT TG-3', and 

antisense 5'-AAT TCA AAA AGT CAA TGT TCA CTT CGC AGT T/TC TGA CAG 

GAA G/AA CTG CGA AGT GAA CAT TGA CG-3'. Sequences corresponding to the 

target-specific small interfering RNA duplex are underlined. Sense and antisense 

oligomers were inserted into the lentiviral vector pSIFl-H 1-copGFP (System 

Biosciences) at BamHI and EcoRI sites. Constructs were confirmed by DNA sequencing. 

Lentivira1 transduction 

Recombinant lentiviruses were produced by transient transfection of GP2-293 cells 

(Clontech). Briefly, subconfluent GP2-293 cells were transiently co-transfected with 

pCDF1-MCS2-EF1-copGFP-DNMAML, pCDF1-MCS2-EF1-copGFP-NICD3, pSIF1-

Hl-copGFP-shNOTCH3, or the control plasmid without insert, and the lentiviral 

packaging plasmids pFIV34N and pVSV-G overnight. 48 hours after transfection, viral 

supernatant was harvested, filtered through a 0.45Jlm filter and used for infection. 

HDFNs, HCASMCs, HUASMCs were seeded in a 6-well plate at a density of 5x104 cells 

per well 24 hours prior to viral infection. To each well, 2.5rnl of virus suspension diluted 

in 2.5rnl DMEM with 10% FBS was added. Po1ybrene was supplemented at a final 

concentration of 6Jlg/ml. 24 hours later, cells were transferred to fresh DMEM containing 
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10% FBS, cultured between 48 and 96 hours, assayed for expression, and used for 

experiments. Efficiency of transduction was monitored by GFP expression. 

Transient transfections and luciferase assays 

HDFNs, HCASMCs, and HUASMCs were transiently transfected at 80% confluency 

using Lipofectamine2000 (Invitrogen) following manufacturer's instructions. HUVECs 

were transiently transfected using HiPerFect (Qiagen). NOTCH3 siRNA was synthesized 

by IDT as the following sequence: AAC UGC GAA GUG AAC AUU G; GUC AAU 

GUU CAC UUC GCA G, and used at lOOnM. Human JAGGED! siGENOME 

SMARTpool consisting of a mixture of four sequences, was purchased from Dharmacon 

and used at a concentration of 90nM. Control siRNA was obtained from Invitrogen. For 

reporter assays, after HDFNs were transfected with 0.51lg of plasmid DNA, HUVECs 

were cocultured with HDFNs. 48 hours after transfection, luciferase assays were 

performed using Bright Glo reagent (Promega) and quantified with a Turner Diagnostics 

luminometer [73]. To normalize for transfection efficiency, 0.211g hsp68-,B-galactosidase 

(LacZ) was cotransfected. 

Transwell culture 

Transwell inserts (12-well type) (Corning Costar) with 0.4!-lm pores were coated with 

50!lg/ml collagen I. 2x 104 HDFNs or HUVECs were first plated on the bottom side of the 

polycarbonate membrane of the transwell inserts. After cells had adhered, the Transwell 

inserts were inverted and reinserted into 12-well plates, and 2xl04 HDFNs or HUVECs 

were plated on the top surface of the insert and cultured in a final volume of 1.3ml 
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medium (0.3ml in the insert, lml in the well). After incubation for 4S hours, cells grown 

on both sides of the inserts were harvested by trypsinization and processed for qPCR. 

Western blotting 

Western blots were performed as described [Ill]. Equivalent amounts of protein from 

whole cell lysates were electrophoresed on 10% SDS-PAGE gels, electroblotted onto 

nitrocellulose membranes (Amersham), probed with primary and secondary antibodies, 

and detected with enhanced chemiluminescent (ECL). GAPDH or TUBULIN were used 

to assess total amount of protein in each sample. Primary antibodies: NOTCH3, 

JAGGED!, and PECAMl (Santa Cruz Biotechnology), GAPDH (Novus Biologicals), 

TUBULIN, PDGFR-B (Upstate), SM a-ACTIN and CALPONIN (Sigma), and SM

MHC (Biomedical Technologies Inc.). 

Quantitative reverse transcriptase·polymerase chain reaction (qPCR) 

Total RNA was isolated using TRizol reagent (Invitrogen), and reverse transcribed with 

M-MLV reverse transcriptase (Invitrogen) to generate eDNA. Quantitative PCR was 

performed using a StepOne PCR system (Applied Biosystems) with SYBR Green. The 

fold difference in various transcripts was calculated by the MCT method using ISS as 

the internal control. After PCR, a melting curve was constructed in the range of 60°C to 

95°C to evaluate the specificity of the amplification products. Primer sequences were as 

follows: NOTCH3 For-5'-CCT AGA CCT GGT GGA CAA G-3'; NOTCH3 Rev-5'

ACA CAG TCG TAG CGG TTG-3'; ISS For-5'-GTT GGT TTT CGG AAC TGA 

GGC-3'; ISS Rev-5'-GTC GGC ATC GTT TAT GGT CG-3'; HES! For-5'-TTG GAG 
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GCT TCC AGG TGG TA-3'; HESI Rev-5'-GGC CCC GTT GGG AAT G-3'; 

HEYUHRT3 For-5'-CGC AGA GGG ATC ATA GAG AAA CG-3'; HEYLIHRT3 Rev-

5'-GCC AGG GCT CGG GCA TCA AAG AA-3'; SM22aFor-5'-CAA GCT GGT GAA 

CAG CCT GTA C-3'; SM22a Rev-5'-GAC CAT GGA GGG TGG GTT CT-3'; SM 

a-ACTIN For-5'-CAA GTG ATC ACC ATC GGA AAT G-3'; SM a-ACTIN Rev-5'

GAC TCC ATC CCG ATG AAG GA-3'; CALPONIN For-5'-TGA AGC CCC ACG 

ACA TTT TT-3'; CALPONIN Rev-5'-GGG TGG ACT GCA CCT GTG TA-3'; SM

MHC For-5'-AGA AGC CAG GGA GAA GGA AAC CAA; SM-MHC Rev-5'-TGG 

AGC TGA CCA GGT CTT CCA TTT-3'. 

Immunohistochemistry 

Mice harboring a targeted allele for Notch3 were a generous gift from Dr. Tom Gridley 

[ 1I2]. Eyes were isolated from Notch3 null (Notch3·'-) and heterozygous (Notch3+1
) mice 

at postnatal day 15 and fixed in 4% paraformaldehyde for 30 minutes. The cornea, .sclera, 

lens, vitreous, and hyaloid vessels were removed, and retinas were isolated, placed in 

cold methanol for 20 minutes, blocked and permeabilized in PBS containing 5% donkey 

serum and 0.3% Triton-X-i 00 for I hour. Antibody incubations were carried out as 

described [Il3]. Primary antibody, JAGGED! (1:200) (Santa Cruz), was coincubated 

with 10!-lg/ml TRITC labeled-lectin (Bandeiraea simplicifolia) (Sigma). Fluorescently 

tagged secondary antibody used: Alexa-Fluor 488 donkey anti-goat (1:250) (Invitrogen). 

Radial incisions were made at equal intervals along the retina edges and flat mounted in 

Vectasheild (Vector Laboratories). Confocal images were captured and Jagged I 
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expression in retinal vessels was quantified with NIH ImageJ software by a blinded 

observer measuring pixel intensity normalized to area of individual blood vessels. 

Statistical analysis 

Data analyses were performed using PrismGraph and comparisons between data sets 

were made using Student's t test. Differences were considered significant if P < 0.05, and 

data are presented as mean ± standard error of the mean (SEM). Data shown are 

representative of at least three independent experiments. 
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Results 

Endothelial cells and mural cells interact in a 3-dimensional model of angiogenesis 

Endothelial cells and mural cells (pericytes, smooth muscle cells and fibroblasts) are 

known to communicate with one another. Several groups, including ours, have 

demonstrated that angiogenesis is enhanced in the presence of mural cells, indicating they 

are important mediators of endothelial cell function during blood vessel assembly [88-

94]. As shown in Figure 4A-D, a 3-D angiogenesis assay using human umbilical vein 

endothelial cells (HUVECs) cultured alone or with human dermal neonatal fibroblasts 

(HDFNs), umbilical artery (HUASMCs) or coronary artery (HCASMCs) smooth muscle 

cells revealed robust enhancement of endothelial-derived blood vessel formation by 

cocultured mural cells. In this model, communication is bidirectional, as mural cells also 

responded to endothelial cells and were seen surrounding nascent vessels in an apparent 

mimic of the in vivo circumstance (Figure 4E). The inference from these observations is 

that these cells are programmed to respond to one another in defined ways, of which we 

still have a limited understanding. 
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Figure 4. Endothelial cells and mural cells interact. Images of blood vessels formed by 

endothelial cells (HUVECs) cultured alone (A), or cocultured with human de1mal 

neonatal fibroblasts (HDFNs) (B), human umbilical artery smooth muscle cells 

(HUASMCs) (C) and human coronary artery smooth muscle cells (HCASMCs) (D) in a 

3-dimensional angiogenesis assay. Cells were grown in a collagen matrix for jive days, 

fu:ed, and stained with TRITC labeled endothelial-specific lectin (red), JOOX 

magnification. (E) Triple labeling with lectin (red), a preloaded CellTracker dye (green) 

to visualize HDFNs surrounding vessels, and DAPI (blue), 400X magnification. 



E. 
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Endothelial cells increase NOTCH3 expression in mural cells 

The obvious physical and functional interactions of these cell types in this in vitro model 

of angiogenesis lead us to ask what genes may be regulated by their unique association. 

To address this, we performed a rnicroarray to identify genes that were specifically 

modulated in this 3-D coculture assay using HUVECs and HDFNs. Fibroblasts were used 

to emulate naive mural. cells, with the intent of identifying endothelial-regulated 

specification or differentiation genes. In doing so, we identified NOTCH3 as one gene 

that was robustly increased in fibroblasts when cocultured with endothelial cells. Western 

blot analysis revealed low levels of NOTCH3 protein in HDFNs cultured by themselves, 

while much higher levels of NOTCH3 were observed in fibroblasts cocultured with 

endothelial cells (Figure SA). Endothelial cells and fibroblasts were separated after 

coculture using endothelial-specific anti-PECAMl-conjugated beads. The expression and 

induction of NOTCH3 were specific to HDFNs, as no protein could be detected in 

endothelial cells cultured alone. In cocultured endothelial cells, a very small amount of 

NOTCH3 was detected after separation, and likely reflects contaminating fibroblasts due 

to incomplete separation [6]. 

Although our initial observation was in a 3-D assay, NOTCH3 protein expression was 

also increased in 2-dimensional coculture conditions, with peak levels occurring at 48 

hours (Figure 5B) and remaining for up to 96 hours, the longest time tested (not shown). 

Western blot and quantitative RT-PCR (qPCR) indicated that NOTCH3 could be induced 

in fibroblasts, smooth muscle cells, and bovine retinal pericytes. The increase in 

NOTCH3 transcript expression ranged from 6 to 10-fold in dermal fibroblasts and 
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umbilical artery smooth muscle cells (Figure SC). The increase in coronary artery smooth 

muscle cells was the least dramatic at both RNA and protein levels, however as can be 

seen in Figure 5, the basal level of NOTCH3 was considerably higher in these cells. In 

contrast, no induction of NOTCH3 by endothelial cells was observed in HepG2 liver 

cells, suggesting that this activation is specific to mural cells. We further tested if other 

endothelial cells could affect NOTCH3 expression. Using human microvascular 

endothelial cells (HMECs) we demonstrated that NOTCH3 was increased in fibroblasts 

and umbilical artery smooth muscle cells (Figure SD); however HepG2 cells were not 

able to produce a similar enhancement (data not shown). Taken together, these results 

indicate that endothelial cells can specifically increase the expression of NOTCH3 in 

mural cells, which may explain how endothelial cells modulate their function. 
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Figure 5. Endothelial cells induce NOTCH3 expression in mural cells. (A) Endothelial 

cells (HUVECs) and fibroblasts (HDFNs) were cultured alone or cocultured in 3-

dimensional angiogenesis assays. After five days, cells were separated by anti-PECAMJ

conjugated Dynabeads for Western blot analysis. The purity of the fibroblast and 

endothelial fractions were evaluated by probing for PDGFR.fJ as a marker for fibroblasts 

and PECAMJ as a marker for endothelial cells. (B) HDFNs, HUASMCs, HCASMCs, and 

bovine pericytes were cultured in 2-dimensions in the presence or absence of HUVECs 

for 48 hours, separated and subjected to Western analysis. Numbers reflect relative 

protein expression determined by average pixel intensity from 3 experiments normalized 

to respective control, P < 0.05. (C) qPCR analysis of NOTCH3 mRNA in HDFNs, 

HUASMCs, HCASMCs, and HepG2, cultured with or without HUVECs. (D) qPCR 

analysis of NOTCH3 mRNA in HDFNs and HUASMCs which were cultured alone or 

cocultured with HMECs. * P < 0.05 compared to control. 
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Endothelial cell activation of Notch signaling in mural cells is dependent upon 

NOTCH3 

The induction of NOTCH3 implies that endothelial cells are activating Notch signaling 

through an increase in receptor expression. To examine Notch activity in mural cells, we 

transfected luciferase reporter constructs with or without five Notch-sensing CBF1 

binding sites upstream of an SV40 promoter into fibroblasts. In the absence of endothelial 

cells, the CBFl reporter had no activity above the basal level of the SV 40 promoter, 

however in the presence of endothelial cells, the CBFl reporter exhibited a -10-fold 

increase in activity (Figure 6A). Thus, these results indicate that in the absence of 

endothelial cells, there is little or no CBF-dependent Notch signaling in fibroblasts, and 

HUVECs can strongly activate this, which is consistent with a previous report [107]. To 

examine if Notch activity was augmented as a result of an increase in NOTCH3 

expression, we examined downstream targets of Notch. As described for previous 

experiments, cells were cocultured for 48 hours and separated using anti-PECAMl

conjugated beads to measure expression exclusively in mural cells. Indeed, HES 1 and 

HEYUHRT3 RNA levels were increased in fibroblasts and smooth muscle cells upon 

coculture with endothelial cells (Figure 6B and C). Similar increases were seen for 

HRTl, HRT2, and HES4 (data not shown). Furthermore, the expression of HEYUHRT3 

was reduced when NOTCH3 levels were blocked by siRNA, indicating a direct effect of 

NOTCH3 in the upregulation of this factor (Figure 6D-F). 
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Figure 6. Notch signaling is activated in mural cells when cocultured with endothelial 

cells. (A) Luciferase reporter assay to assess Notch activity. HDFNs were transfected 

with pGL3-promoter-luciferase (pGL3) plasmid as control, or plasmid with 5 CBFJ 

binding elements upstream of the promoter (5XCBF1), cultured in the presence or 

absence of HUVECs, and luciferase activity was measured. RLU, relative light units. (B, 

C) qPCR analysis of Notch target genes, HEYUHRT3 and HESJ in mural cells cultured 

with or without HUVECs. (D) Knockdown of NOTCH3 by siRNA in HDFNs, HUASMCs 

and HCASMCs was confirmed by qPCR and (E) Western blot analysis. (F) qPCR 

analysis of HEYUHRT3 mRNA expression after NOTCH3 lazockdown. Mural cells were 

transiently transfected with control siRNA (con) or NOTCH3 siRNA (N3). HUVECs 

were added, and cocultured for an additional 48 hours. * P < 0.05 relative to relevant 

control; ns, not significant. 
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NOTCH3 is essential for endothelial-induced smooth muscle gene expression 

Given that Notch signaling has been shown to regulate the expression of smooth muscle 

genes [104-107], we next examined if stimulation of NOTCH3 by endothelial cells 

facilitated endothelial-induced smooth muscle gene expression. Coculture of endothelial 

cells with fibroblasts and smooth muscle cells resulted in a significant increase in smooth 

muscle marker gene expression in all but two instances as determined by qPCR of 

transcript levels (Figure 7 A). Significant increases were observed for smooth muscle a

ACTIN, and CALPONIN in HDFNs, HCASMCs and HUASMCs. SM22a expression 

was increased in HDFNs and HCASMCs, but the increase in HUASMCs was not 

statistically different. Smooth muscle myosin heavy chain (SM-MHC) expression showed 

increases in both smooth muscle cell types, but was not significantly increased in 

fibroblasts, which is indicative of a myofibroblast transition rather than smooth muscle 

differentiation per se. Protein expression of these genes was confirmed by Western 

analysis and exhibited similar increases relative to RNA levels (Figure 8). Under 

coculture conditions, siRNA knockdown revealed that the expression of these genes was 

largely contingent upon NOTCH3 (Figure 7B), with two cell-specific exceptions that 

imply the presence of additional regulators. Overall, these data show for the first time 

that endothelial-induced smooth muscle differentiation is dependent upon NOTCH3 

expression. 
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Figure 7. Endothelial-induced smooth muscle gene expression is dependent on 

NOTCH3. (A) Fibroblasts and smooth muscle cells were cultured with or without 

HUVECs, separated by ami-PECAMJ-conjugated Dynabeads and RNA was collected for 

qPCR to detect SM a--ACTIN, CALPONIN, SM22a, and SM-MHC transcripts. (B) 

HDFNs, HUASMCs and HCASMCs were transfected with control siRNA (con) or 

NOTCH3 siRNA (N3), and cocultured with HUVECs as described. RNA was extracted 

for qPCR. Significant differences (P < 0.05) between control and respective experimental 

values were observed in all but those noted as not significant (ns). 
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Figure 8. Endothelial cells induce smooth muscle gene expression in mural cells. 

HDFNs, HUASMCs, HCASMCs were cultured with or without HUVECs for 48 hours, 

separated by anti-PECAM conjugated Dynabeads and total protein was collected for 

Western blotting to detect smooth muscle marker genes. TUBUUN was used as a loading 

control. Numbers reflect relative protein expression determined by average pixel 

intensity from 3 experiments normalized to respective control, P < 0.05. 
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NOTCH3 expression depends on Notch transcriptional activity 

As a means to define the signal from endothelial cells that was responsible for causing 

NOTCH3 expression, we cultured cells together or prevented their contact using a 0.4 

micron transwell filter. Shown in Figure 9A, separation of the endothelial cells and 

fibroblasts by a porous filter blocked the upregulation of NOTCH3, suggesting that direct 

cell-cell contact is critical for the inductive abilities of endothelial cells. Accordingly, 

endothelial cell-conditioned media did not induce expression of NOTCH3 (data not 

shown). In testing various pathway inhibitors that could abolish NOTCH3 induction, we 

observed that the y-secretase inhibitor, DAPT, robustly abrogated the ability of HUVECs 

to increase NOTCH3 in HDFNs (Figure 9B, C). Similar results were also observed in 

HUASMCs and HCASMCs (data not shown). y-secretase facilitates Notch signaling by a 

cleavage event that releases the Notch intracellular domain [114]. Based on this, Notch 

signaling could be responsible for the upregulation of NOTCH3, and further supports the 

notion that it could regulate itself. To address this hypothesis, we performed experiments 

to determine if Notch receptor signaling via its transcriptional activity was necessary for 

NOTCH3 expression in fibroblasts. 

Using a dominant-negative Mastermind-like! (DN-MAML) construct [103, 110], we 

tested if inhibition of this Notch coactivator would affect NOTCH3 induction by 

endothelial cells. The DN-MAML was introduced into fibroblasts by viral transduction, 

and 48 hours later the cells were cocultured with endothelial cells or cultured by 

themselves as a control. While the control virus harboring GFP did not block an increase 

in NOTCH3, DN-MAML significantly blunted this response, exhibiting a reduced level 
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of endothelial-induced NOTCH3 protein and RNA (Figure 90, E). HEYUHRT3 

expression showed a similar profile, with attenuated expression in the presence of DN

MAML (Figure 9F). Thus, inhibition of Notch signaling at two independent steps within 

the pathway show that Notch activity is an important component in the upregulation of 

NOTCH3 by endothelial cells. 
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Figure 9. Endothelial-induced NOTCH3 expression requires Notch signaling. (A) 

HUVECs and HDFNs were plated on either side of the transwell insert as indicated, 

cultured for 48 hours, and the cells from the top suiface were harvested for qPCR to 

examine NOTCH3 mRNA expression. (B) Westem blot to detect NOTCH3 expression in 

HDFNs cocultured with HUVECs with varied amounts of the ysecretase inhibitor 

(DAPT). Fibroblasts cultured alone were used as a control. (C) qPCR to measure 

NOTCH3 mRNA expression in HDFNs cocultured with HUVECs in the presence or 

absence of DAPT. (D-F) HDFNs were lentivirally transduced with GFP or DN-MAML, 

then cultured alone or cocultured with HUVECs. Fibroblasts were separated from 

HUVECs for Westem analysis to detect NOTCH3 protein (D), or for qPCR to measure 

NOTCH3 (E) and HEYUHRT3 (F) mRNA. * P < 0.05; ns, not significant. 
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NOTCH3 induction requires JAGGEDl on endothelial cells 

Because Notch receptor signaling and transcriptional activity were required in mural cells 

for the expression of NOTCH3, we reasoned that Notch ligands on endothelial cells were 

responsible for NOTCH3 induction by these cells. The Notch ligand JAGGED! is 

strongly expressed by endothelial cells, and therefore we targeted this ligand by siRNA to 

determine its role in endothelial-induced NOTCH3 expression. Endothelial cells were 

transiently transfected with JAGGED! siRNA and 24 hours later cocultured with 

fibroblasts for 48 hours. Examination of NOTCH3 expression by Western blot and qPCR 

revealed that knockdown of JAGGED! in endothelial cells significantly abrogated the 

induction of NOTCH3 in fibroblasts (Figure 10). Consistent with this, HEYUHRT3 

RNA expression was also blocked by the loss of endothelial-expressed JAGGED!. 

Although endothelial-expressed JAGGED! has previously been shown to transduce 

Notch signaling [99, 104], our data have extended these findings by demonstrating that 

an increase in NOTCH3 expression is a JAGGEDI-dependent consequence of vascular 

cell heterotypic interactions. 
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Figure 10. JAGGEDl on endothelial cells is necessary for NOTCH3 induction. 

HUVECs were transiently transfected with control siRNA (con) or JAGGEDJ-specific 

siRNA (JAG I). HDFNs were added, cocultured for 48 hours, and the cells separated by 

Dynabeads for analysis. (A) Westem blot to confirm knockdown of JAGGED I protein in 

HUVECs. (B) Westem blot for NOTCH3 protein expression. (C, D) qPCR to detect 

NOTCH3 and HEYUHRT3 mRNA. * P < 0.05 relative to respective control. 
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NOTCH3 promotes its own expression and that of JAGGED! 

Given that inhibition of Notch signaling prevents NOTCH3 induction, we next tested if 

an activated form of NOTCH3 could promote its own transcription. A human NOTCH3 

intracellular domain (NICD3) was introduced into fibroblasts and smooth muscle cells by 

viral transduction, and NOTCH3 transcript expression was examined by qPCR using 

primers that recognized the extracellular region of NOTCH3 to distinguish endogenous 

expression from the virally produced intracellular domain. Interestingly, NICD3 strongly 

induced NOTCH3 transcripts in fibroblasts and smooth muscle cells (Figure 11). It is 

important to note that the infection efficiency of fibroblasts was 80-90%, while the 

infection percentage in both smooth muscle cell types was considerably lower (between 

40-60% ). Hence, we do not know if the reduced induction in smooth muscle cells is a 

cell-specific difference or a reflection of reduced amounts of NICD3 in these cells. As 

expected, the expression of HEYL/HRT3 was also robustly increased by NICD3. 

Furthermore, consistent with previous studies [104-107], NICD3 was able to increase 

transcript expression of smooth muscle genes in fibroblasts and smooth muscle cells 

(Figure 11 ). 

Because NOTCH3 was able to autoregulate its expression, we wondered if it also could 

regulate other Notch signaling mediators, particularly Notch ligands. Examination of 

JAGGED! expression in cells expressing NICD3 revealed that JAGGED! transcript and 

protein levels were increased in each cell type (Figure 12). Moreover, like NOTCH3, 

JAGGED! was also increased in mural cells cocultured with endothelial cells. We 

believe these results are the first to demonstrate that NOTCH3 can control its own 
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expression, and corroborates findings showing its ability to regulate one of its ligands 

[115, 116]. To detennine if NOTCH3 regulates JAGGED! expression in vivo, we 

examined Jagged! protein levels in blood vessels of Notch3 null and heterozygous mice 

[56]. In the mouse retina, Jagged! is robustly expressed in pericytes and smooth muscle 

cells surrounding mature arteries [ 117]. We measured Jagged 1 expression by 

immunostaining of retinas isolated from mice at postnatal day 15. The level of Jagged! in 

the retinal arteries of Notch3 null mice was significantly less compared to heterozygous 

animals (Figure 13); thus indicating that the absence of Notch3 in vivo results in reduced 

expression of the Jagged 1 ligand. 

Taken together, these data strongly support the role of NOTCH3 as a conduit of smooth 

muscle differentiation promoted by endothelial cells. Endothelial cells, through the 

JAGGED! ligand induce NOTCH3 expression, which autoregulates itself by a positive 

feedback. loop that in turn activates smooth muscle-specific gene expression and 

maintains vascular support cells in a differentiated phenotype. 
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Figure 11. Effect of NOTCH3 on gene expression in fibroblasts and smooth muscle 

cells. HDFNs, HUASMCs, HCASMCs were lentivirally transduced with GFP (control) or 

NICD3. The effect of NICD3 on NOTCH3, HEYUHRT3, and smooth muscle gene 

expression was determined by quantitative real-time PCR. *P < 0.05 compared to 

respective control. 
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Figure 12. JAGGED! expression is induced by NICD3. HDFNs, HUASMCs and 

HCASMCs were transduced with lentivirus expressing the human NOTCH3 intracellular 

domain (NICD3 ), or GFP alone. 72 hours after transduction, cells were collected and 

subjected to qPCR or Western blotting. (A) Measurement of JAGGEDJ mRNA and 

protein. (B) Coculture of mural cells with HUVECs to measure JAGGED I mRNA and 

protein. * P < 0.05 compared to relevant control. 
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Figure 13. Jagged] expression is reduced in the absence of Notch3 in vivo. Retinas 

isolated from Notch3 null (Notch-1
") and heterozygous (Notch+1

) mice at postmital day 15 

were immunostained to detect Jagged] protein (green). An endothelial-specific iso-lectin 

B4 (red) was used to highlight the vasculature. Confocal images were taken at (A) 400X 

and (B) 630X ( zoom2) magnification and pixel illtensity of Jagged] staining was 

quantified (C). Graph represents average Jagged] expression from 8 null and 8 

heterozygous retinas. * P = 0.0004. 
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NOTCH3 modulates angiogenesis 

The ability of mural cells to enhance angiogenesis likely depends on multiple factors that 

cooperate to facilitate blood vessel formation. Because NOTCH3 expression was strongly 

induced in mural cells by endothelial cells, we asked if NOTCH3 might facilitate 

fibroblast-enhanced angiogenesis. To address this, we knocked down NOTCH3 

expression by lentivirally-transduced shRNA in fibroblasts. Angiogenesis assays were 

performed by coculturing endothelial cells with NOTCH3-deficient or control fibroblasts 

to examine potential differences in blood vessel formation (Figure 14). Interestingly, we 

observed a significant decrease in vessel structures in the presence of NOTCH3-deficient 

fibroblasts compared to control by measuring total vessel area. These results 

convincingly demonstrate that NOTCH3 has a role in fibroblast-mediated angiogenesis. 
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Figure 14. NOTCH3 modulates angiogenesis. Images of blood vessels fonned by 

endothelial cells (HUVECs) cocultured with fibroblasts (HDFNs) that were transduced 

with colltrol (con) shRNA (A), or NOTCH3-specific shRNA (B). Cells were grown in a 

collagen matrix, fiXed, and stained with TRITC labeled endothelial-specific lectin (red), 

JOOX magnification. (C) Westem blot demonstrates effective ablation of NOTCH3 (N3) 

protein by the specific shRNA after 96 hours of transduction. (D) Graph is relative vessel 

area measured from five independent experiments. * P < 0.0001. 
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Discussion 

Endothelial/mural cell interactions are an important component of blood vessel formation 

and function. Their functional and physical crosstalk is evident under 3-dimensional 

coculture conditions in which mural cells can enhance vessel assembly, while being 

recruited to encase the newly formed vessels. This striking in vitro interaction prompted 

us to ask what genes might be regulated by their close association. In doing so, we 

discovered that endothelial cells can promote the expression of NOTCH3 in mural cells 

and this requires direct cell-cell contact between the two cell types. This was an 

intriguing result considering what is already known about NOTCH3 in vascular smooth 

muscle cells. In a carotid artery balloon injury model, Notch3 was shown to be acutely 

downregulated in denuded smooth muscle, with expression reappearing seven-days post 

injury [70, 118, 119]. The reduction in expression was attributed to release of PDGF-BB, 

which was shown to directly decrease Notch3 levels. However, in the context of our 

results, loss of endothelial cell contact may be the main reason for the reduction in 

Notch3 expression within these injured arteries. In accordance with this, Lindner et a!., 

reported that Notch3 expression was only observed where endothelial cells were still 

present in balloon injured vessels [118]. 

Solid evidence has linked Notch3 to the control of smooth muscle maturation. The 

smooth muscle cells of the small arteries and arterioles in Notch3 null mice exhibit 

reduced expression of smooth muscle differentiation genes, show defects in elongation 

and orientation, and display impairments in arterialization, while large elastic and major 
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muscular arteries are unaffected [56]. Given that endothelial cells are known to promote 

differentiation, our initial result hinted that endothelial-induced differentiation might be 

dependent upon NOTCH3. Indeed, knockdown of NOTCH3 inhibited endothelial

induced smooth muscle gene expression, providing a novel mechanism by which 

endothelial cells regulate this process in neighboring mural cells. These data help to 

bridge a gap in our understanding of endothelial-induced differentiation and Notch 

signaling. Highet a!., nicely showed the importance of endothelial-expressed JAGGED! 

on smooth muscle differentiation [99], while other groups have used overexpressed 

Notch intracellular domains to activate smooth muscle gene expression [104-107]. Here, 

we show that JAGGED! specifically activates NOTCH3 in mural cells, and this activity 

is both necessary and sufficient for the expression of smooth muscle genes in three 

distinct mural cell populations. We did observe some differences in the ability of 

HUVECs and NOTCH3 to regulate certain smooth muscle genes in the different cells 

(Figure 7). In particular, HCASMCs, which showed robust basal expression of NOTCH3, 

appeared less responsive to endothelial-induced Notch signaling, possibly because the 

Notch pathway was already highly activated. Although the reasons for this are unknown, 

it points to additional complexities in the role of Notch and the transcriptional control of 

these key smooth muscle markers. 

Our data show that the expression of NOTCH3 requires the activity of the Notch 

signaling mediators, y-secretase and Mastermind-like!, in mural cells. In addition, we 

demonstrate that JAGGED! is necessary for NOTCH3 expression. Although Notch 

receptors and their ligands have been shown to utilize various positive and negative 
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feedback mechanisms to control availability and ultimately signaling [24, 120, 121], there 

are limited reports examining their effect on each other's expression. Most described 

mechanisms utilize reciprocal regulation of a receptor/ligand pair that acts to contain and 

amplify the signal [54]. Our results not only show that mural cell expression ofNOTCH3 

is dependent upon endothelial-expressed JAGGED!, but also demonstrate that activated 

NOTCH3 can promote its own expression as well as that of its ligand JAGGED! in the 

same mural cell. Consistent with this, using Notch3 knockout mice we show that Jaggedl 

protein is decreased in the retinal vasculature in vivo. To our knowledge, these results 

represent the first direct evidence of a positive autoregulatory loop that involves the 

upregulation of a Notch receptor/ligand combination in the same cell. While NOTCH3 

expression exists in an autoregulatory loop, our data also show that endothelial cells may 

utilize mural cell-expressed NOTCH3 to modulate their own function. Ablation of 

NOTCH3 in fibroblasts results in a decrease in their pro-angiogenic abilities, which 

suggests that endothelial cells promote NOTCH3 expression as a means to facilitate their 

vessel-forming potential. 

The ability of NOTCH3 to regulate its own expression and that of JAGGED! offers 

evidence for a model in which endothelial cells initiate differentiation of mural cells that 

can maintain or amplify this signal through a positive feedback loop. As shown in Figure 

15, the physical association of endothelial cells and mural cells allows for Notch 

signaling to be initiated by a JAGGED l/NOTCH3 interaction. In mural cells, this 

augments smooth muscle gene transcription, and causes an increase in NOTCH3 and 

JAGGED! expression, leading to more NOTCH3 receptors on the cell surface, as well as 
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JAGGED! ligands. With an increase in both the receptor and ligand, mural cells can . 

interact more efficiently with endothelial cells, or can activate Notch signaling through 

homotypic interactions of neighboring mural cells presenting NOTCH3 and JAGGED!. 

This model suggests that once endothelial cells initiate the cascade, mural cells are then 

able to maintain the signal and distribute it to other mural cells through continued 

activation and expression of NOTCH3. Whether the continued presence of endothelial 

cells is required and if "activated" mural cells are able to pass on this Notch signal 

remains to be determined. Irrespective of these possibilities, our data conclusively show 

the importance of Notch signaling in the interactions of these two cell types, and 

demonstrate one mechanism through which these cells likely communicate with one 

another within the vasculature. 
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Figure 15. Model of sustained Notch signaling in mural cells. Endothelial cells 

expressing JAGGED] initiate the signaling cascade by interacting with low levels of 

NOTCH3 on mural cells. Activation of NOTCH3 promotes an increase in smooth muscle 

(SMC) gene expression leading them toward differentiation. NOTCH3 also causes an 

increase in its own expression through autoregulation, and induces the expression of 

JAGGED] in mural cells. Together, this receptor/ligand combination on the suiface of 

these cells allows for Notch signaling to be sustained leading to the maintenance of a 

differentiated phenotype. 
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Abstract 

Rationale: The heterotypic interactions of endothelial cells and mural cells (smooth 

muscle cells or pericytes) are crucial for assembly, maturation and subsequent function of 

blood vessels. Yet, the molecular mechanisms underlying their association have not been 

fully defined. 

Objective: Our previous in vitro studies indicated that Notch3, which is expressed in 

mural cells, mediates these cell-cell interactions. To assess the significance of Notch3 on 

blood vessel formation in vivo, we investigated its role in retinal angiogenesis. 

Methods and Results: We show that Notch3-deficient mice exhibit reduced retinal 

vascularization, with diminished sprouting and vascular branching. Moreover, Notch3 

deletion impairs mural cell investment, resulting in progressive loss of vessel coverage. 

In an oxygen-induced retinopathy (OIR) model, we demonstrate that Notch3 is induced 

in hypoxia and interestingly, pathological neovascularization is decreased in retinas of 

Notch3 null mice. Analysis of OIR mediators revealed that Angiopoietin-2 expression is 

significantly reduced in the absence of Notch3. Further, in vitro experiments showed that 

Notch3 is sufficient for Angiopoietin-2 induction, and this expression is additionally 

enhanced in the presence of HIFI u. 

Conclusions: These results provide compelling evidence that Notch3 is important for the 

investment of mural cells and is a critical regulator of developmental and pathological 

blood vessel formation. 

Keywords: Notch3, retina, angiogenesis, smooth muscle cell, pericytes, blood vessel 
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Introduction 

Blood vessel formation is a dynamic and complex process that serves a vital role in both 

health and disease. At its onset, endothelial cells coalesce into tube-like structures, which 

become stabilized by the recruitment of mural cells such as pericytes and vascular 

smooth muscle cells (VSMCs) that encase the nascent vessel [I, 5]. A host of reports 

have implied that endothelial cells and mural cells are closely associated, and the 

interactions between them are required for the regulation of vessel formation, 

stabilization, remodeling and function in vivo and in vitro [3-5]. However, the way in 

which endothelial and mural cells communicate with each other remains poorly 

understood. Several different ligand-receptor systems have been implicated in heterotypic 

cell interactions to regulate the development and maintenance of the vasculature. 

Endothelial cell-secreted PDGF-B is known to be necessary for the recruitment of 

pericytes to newly formed vessels through PDGFI~-~ [19-21]. Angiopoietin-1 and Tie2 

signaling has been shown to be critical for vessel maturation and stabilization [3, 18], 

while, the differentiation of VSMCs surrounding blood vessels depends on endothelial

derived TGF-~ [3, 17]. In addition to these signaling mediators, it is believed that 

additional receptor-ligand pairs regulate vascular cell-cell communication. For example, 

High et al., demonstrated that Notch signaling between endothelial cells and VSMCs 

governs smooth muscle differentiation [99]. 

Notch genes encode cell surface receptors that transduce signals between neighboring 

cells to regulate developmental processes such as cell fate decisions [24, 122]. Mammals 
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express four Notch receptors (Notch 1-4) and five membrane-bound ligands (Jagged 

(Jag) 1, Jag2, Delta-like (Dll)l, Dll3, and 0114). Upon binding, Notch receptors undergo 

proteolytic cleavages by tumor necrosis factor-~ converting enzyme and the y-secretase 

complex to release the Notch intracellular domain (NICD). NICD then translocates to the 

nucleus where it binds with the transcription factor CSL (CBF-1/RBP-JK, Su(H), and 

Lag-1) and coactivator Mastermind-like (MAML) to trigger downstream gene 

expression. In the vasculature, alterations in Notch signaling result in abnormalities in 

vessel patterning and maturation [22, 23, 123]. In fact, recent findings of several research 

groups revealed a vital role for endothelial-dependent Notch signaling in tip cell 

formation and sprouting [55, 124, 125]. Yet, it is unclear to what extent Notch-regulated 

vascular patterning events are consequences of homotypic or heterotypic signaling. 

In contrast to Notch!, which is widely expressed [126], Notch3 is exclusively expressed 

in mural cells in the vasculature [45, 47, 102, 127, 128]. In humans, Notch3 gene 

mutations give rise to CADASIL, an inherited early stroke syndrome leading to dementia 

due to systemic vascular degeneration and eventual loss of VSMCs within the arterial 

wall [7]. In the mouse, genetic studies have implicated Notch3 in the regulation of 

smooth muscle maturation, modulation of vascular physiology and response to ischemia 

[56, 76, 129]. Although these studies shed light on the importance of Notch3 in blood 

vessel structure and function, they did not investigate the direct role of Notch3 in 

governing blood vessel formation. In this study, we explored the contribution of Notch3 

in developmental and pathological angiogenesis using the mouse retina as a model. Our 

findings imply that Notch3 facilitates heterotypic interaction between endothelial and 
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mural cells that in tum dictates blood vessel patterning. Furthermore, Notch3 appears to 

play a role in response to hypoxia by regulating the expression of Angiopoietin-2. 
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Methods 

Animals 

Notch3_,_ mice in a C57BL/6 background were a generous gift from Dr. Tom Gridley 

[112]. Notch3·'-. Notch3+/- and wild type littermates were obtained by crossing Notch3+/

and Notch3+/- mice. All experimental procedures on mice were performed according to 

the National Institutes of Health Guide for the Care and Use of Laboratory Animals and 

approved by the Institutional Committee for the Use of Animals in Research. 

Cell culture 

Human aortic smooth muscle cells from Lonza were grown in DMEM supplemented with 

10% FBS, IOOI.U./rnl penicillin-streptomycin. Cells between passages 6 and 8 were used 

for experiments. Mouse aortic smooth muscle cells were isolated from aortas of Notch3+/

and NotchT'- mice. Cells between passages 3 and 8 were used for experiments. Lentiviral 

and adenoviral transduction was performed as described previously [130, 131]. Briefly, 

recombinant lentiviruses were produced by transient transfection of TN-293 cells 

(Clontech). Subconfluent TN-293 cells were transiently co-transfected with pCDFl

MCS2-EF1 -copGFP-NICD3 or the control plasmid without insert, and the lentiviral 

packaging plasmids pFIV34N and pVSV-G overnight. 48 hours after transfection, viral 

supernatant was harvested and used for infection. The human HIFla eDNA was cloned 

into the pAdTrack shuttle vector in front of the CMV promoter using Kpnl and EcoRI 

restriction sites. The adenovirus plasmids containing GFP alone (AdGFP) and GFP 

together with HIF!a (AdHIFla) were transfected into HEK293 cells, and the viral 
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particles were amplified and purified. For infection, human aortic smooth muscle cells 

were seeded in a I 2-well plate at a density of 2x 104 cells per well 24 hours prior to viral 

infection. To each well, 0.5ml of Ientivirus suspension diluted in 0.5ml DMEM with 10% 

FBS was added. Polybrene was supplemented at a final concentration of 6J.tg/ml. 24 

hours later, cells were transferred to fresh DMEM containing 10% FBS. 72 hours after 

infection, cells were infected with adenoviral particles, which were diluted in 400J.tl Opti

MEM (Invitrogen). 2 hours after incubation, 600J.tl normal growth media was 

supplemented. The following day, the virus-containing media was replaced with fresh 

media. Efficiency of transduction was monitored by GFP expression. 

Immunostaining on whole-mount retinas 

The immunostaining in retinas was performed as previously described [130]. Briefly, 

eyes were isolated from Notch3_,_ and Notch3+i- mice at indicated time points and fixed in 

4% paraformaldehyde for 30 minutes. The cornea, sclera, lens, vitreous, and hyaloid 

vessels were removed to isolate retinas and radial incisions were made at equal intervals 

along the retinal edge. Subsequently retinas were placed in cold methanol for 20 minutes, 

blocked and permeabilized in PBS containing 5% donkey serum and 0.3% Triton-X-100 

for I hour. Primary antibody, Notch3 (I: 100) (Santa Cruz), sm a-actin (I: 1000) (Sigma), 

NG2 (1:200) (Millipore), or Ang-2 (1:200) (Zymed) was costained with 10~-tg/ml TRITC 

Iabeled-isolectin B4 (Griffonia simplicifolia) (Invitrogen) for 2 hours at 37°C. 

Incubations with fluorescently tagged secondary antibodies were performed at 4°C 

overnight, including Alexa-Fluor 488 donkey anti-mouse (I :250), Alexa-Fluor 594 goat 

anti-rabbit and Alexa-Fluor 488 goat anti-rabbit (Invitrogen). Retinas were flat mounted 
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in Vectashield (Vector Laboratories). Confocal images were captured and vessels were 

quantified with NIH IrnageJ software by a blind observer. 

Cell death detection ELISA 

For the detection of apoptosis, a cell death detection ELISAPLUS kit (Roche) was used to 

quantify DNA fragmentation according to the manufacturer's instructions. Briefly, 

isolated retinas were homogenized in 100111 lysis buffer, incubated for 30 minutes at 

room temperature, and centrifuged for 10 minutes at 2000rpm. 20111 of the supernatant of 

each retina were assayed. For cells, aortic smooth muscle cells from Notch3+/- and 

Notch3_,_ mice were plated at a density of 5xl04 cell in a 12-well plate, starved in DMEM 

with 0.25% FBS for 72 hours. An equal number of cells were lysed in lOO!lllysis buffer 

and were utilized for cell death detection. 

Aortic ring assay 

Aortic sprouting assays were performed as previously described with modification [!32]. 

Briefly, aortas from Notch3+/- and Notch3·'-littermates at Pll were dissected, cut into 1-

mm-thick rings, and incubated overnight in complete EBM-2 media (Lanza) containing 

10% FBS before being placed into a rat tail collagen gel (1.5mglml). Aortic explants 

were imaged at 48 hours after embedding using an inverted microscope (Leica) and 

sprout area quantified with IrnageJ software. Rings were also stained with 10~-tg/ml 

TRITC labeled-isolectin B4 (Griffonia simplicifolia) (Invitrogen) for 2 hours at 37°C, 

after fixation, and imaged by confocal microscopy. 
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Oxygen-induced retinopathy (OIR) 

OIR was induced as previously described, with minor modifications [133]. In brief, at 

postnatal day (P)7 pups, along with nursing mothers, were placed in 70% oxygen. At 

Pl2, they were returned to 21% oxygen for 5 days. From P12 to P17, the animals were 

anesthetized, their retinas were collected and iso-lectinB4 immunostaining on whole

mount retinas were performed. A vascular area was quantified as percentage of whole 

retinal area. Neovascularization was quantified using ImageJ software by calculating the 

area of iso-lectinB4 staining of neovascular tufts as reported [134]. 

RNA isolation and quantitative reverse transcriptase-polymerase chain reaction 

(qPCR) 

Total RNA was extracted from mouse retinas using RNAqueous-4PCR kit (Invitrogen) 

according to the manufacturer's instruction, and reverse transcribed with M-MLV reverse 

transcriptase (Invitrogen) to generate eDNA. Quantitative PCR was performed using a 

StepOne PCR system (Applied Biosystems) with Power SYBR Green. The fold 

difference in various transcripts was calculated by the MCT method using !8S as the 

internal control. After PCR, a melting curve was constructed in the range of 60°C to 95°C 

to evaluate the specificity of the amplification products. Primer sequences for mouse 

transcripts were as follows: 18S For-5'-GTT GGT TTT CGG AAC TGA GGC-3'; 18S 

Rev-5'-GTC GGC ATC GTT TAT GGT CG-3'; Notch3 For-5'-TTG TCT GGA TGG 

AAG CCC ATG T-3'; Notch3 Rev-5'-ACT GAA CTC TGG CAA ACG CCT-3'; 

Angiopoietin-2 For-5'-ACA CCG AGA AGA TGG CAG TGT-3'; Angiopoietin-2 Rev-

5'-CTC CCG AAG CCC TCT TTG TA-3'; Angiopoietin-1 For-5'-GGG CTG GAA 
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GGA GTA TAA AAT GG-3'; Angiopoietin-1 Rev-5'-GAA CTC GTT CCC AAG CCA 

ATA T-3'; Tie-2 For-5'-CAA TCA GGC CTG GAA ATA CAT TG-3'; Tie-2 Rev-5'

TCC GCG GCT CCA AGT AGT T-3'. Hrt3 For-5'-CGC AGA GGG ATC ATA GAG 

AAA CG-3'; Hrt3 Rev-5'-GCC AGG GCT CGG GCA TCA AAG AA-3'; Hesl For-5'

CCC CAG CCA GTG TCA ACA C-3'; Hesl Rev-5'-TGT GCT CAG AGG CCG TCT 

T-3'; Hrt2 For-5'-CAC ATC AGA GTC AAC CCC ATG T -3'; Hrt2 Rev-5'-GCC ATG 

AGC AGA AGG CAC TT-3'. For human Angiopoietin-2 For-5'-AAC AGG AGG CTG 

GTGGTTTG-3'; Rev-5'-TGT GGA TAGTACATT CCGTTCAAGTT-3'. 

Statistical analysis 

Data analyses were performed using PrismGraph and comparisons between data sets 

were made using Student's t test. Differences were considered significant if P < 0.05, and 

data are presented as mean ± standard error of the mean (SEM). Data shown are 

representative of at least three independent experiments. 
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Results 

Notch3 protein is expressed in retinal mural cells 

Recently, using an in vitro angiogenesis assay we demonstrated that Notch3 mediates 

mural cell-enhanced blood vessel formation [130]. From these studies, we predicted that 

Notch3 would have a similar effect in vivo, and would act to modulate blood vessel 

formation in a mural cell-dependent fashion. To address this premise, we examined 

angiogenesis in retinas of mice deficient for Notch3. Earlier reports had shown that 

Notch3 rnRNA is expressed in the retinal vasculature and appeared localized to mural 

cells [135]. We confirmed expression of Notch3 protein in the retinal blood vessels by 

immunostaining. Whole-mount retinas stained with a Notch3 antibody in conjunction 

with endothelial-specific iso-lectin B4 demonstrated that Notch3 protein is specifically 

expressed in mural cells and is absent from endothelial cells within the retinal vascular 

network (Figure 16A). Furthermore, Notch3 protein is observed in mural cells at the 

angiogenic front, where endothelial sprouting activity is abundant (Figure 16B). 
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Figure 16. Notclz3 expression in the retina. Retinas isolated from wild type mice at 

postnatal day (P) 5 were immunostained to detect Notch3 expression (green). An 

endothelial-specific iso-lectin B4 (red) was used to highlight the vasculature. Confocal 

images of retinal arteries (A) and vessels at the angiogenic front (B) were taken at 400X 

magnification. Bar, 20Jim. 
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Notch3 deletion influences development of the retinal vasculature 

Notch3 null mice were previously shown to be viable and fertile, but adult mice exhibit 

structural defects in the distal arteries, including enlargement of the vessels and defective 

smooth muscle maturation [56]. To determine whether the expression of Notch3 in retinal 

mural cells regulates the process of blood vessel formation, we performed whole-mount 

iso-lectin B4 staining of mouse retinas and evaluated the pattern of the vasculature from 

Notch3"1
-, Notch3+'·, and wild type Jittermates at different developmental stages. Retinal 

vessels begin to sprout from the optic disc right after birth and extend out to the periphery 

at postnatal day (P) 8. At P3, we found that retinas from Notch3_,_ mice displayed 

diminished vascularization. Coverage of the superficial retinal plexus was decreased by 

30% in Notch3·'· mice compared with Notch3+/- and Notch3+/+ retinas (Figure 17 A and 

C). Examination of vessel patterning revealed a 30% reduction in vessel branch points 

(Figure 17B and D), leading to an overall decline in vascular density. No difference was 

apparent in comparison of Notch3 heterozygote and wild-type animals. At PS and P7, 

similar defects were observed in Notch3 null retinas, albeit to a lesser extent (Figure 18). 

Formation of the deep capillary network at the PlO and Pl4 stages revealed similar 

Notch3-dependent defects (Figurel8). In adult mice (P43), the vascular patterning defects 

associated with the absence of Notch3 were only slight (data not shown). These findings 

indicate that Notch3 acts as a regulator of vessel formation in vivo, and may have a more 

pronounced role in early angiogenesis. 
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Figure 17. Notch3 deletion compromises retinal angiogenesis at P3 in vivo. (A) Retinal 

vasculature from Notch3+l+ (left), Notch3+!- (middle) and Notch3_1_ (right) littermates 

were stained with iso-lectin B4 at P3. White circles depict the size of vascular outgrowth 

from a representative Notch3+!+ retina for comparison. Bar, 500fllll. (B) High 

magnification images of retinal vasculature were taken at JOOX by confocal microscopy 

to highlight defects in branching. Bar, lOOJ.bn. (C) Graph represents the ratio of the 

vascularized to total retinal area at P3 (n=JO mice per group). (D) Quantification of 

branch points in retinas of Notch3+1+, Notch3+1
· and Notch3_1

_ at P3. * P < 0.05 

compared to Notch3+l+ and Notch3+1
-. 
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Figure 18. Notch3 deletion compromises retinal angiogenesis in vivo. (A, B) Retinal 

vasculature from Notch3+1+, Notch3+!- and Notch3_1_ littermates were stained with iso

lectin B4 at P5 and P7. Graphs show quantification of vascularized area and branch 

points in retinas. * P < 0.05 compared to heterozygous and wild type. Images were taken 

at SOX by confocal microscopy. Bar, 25J111l. (C, D) Supeificial and deep vascular plexus 

from Notch3+!+ and Notch3·!- littermates were stained with iso-lectin B4 at P 10 and P 14. 

Images were taken at JOOX by confocal microscopy. Bar, IOOf-/Til-
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The blood vessel-forming phenotype in Notch3 null retinas indicated a defect in vessel 

sprouting, which resulted in an overall decrease in vascular density. To determine if the 

angiogenic defects observed in the Notch3 null mice might be due to an absence of mural 

cells at the angiogenic front, we performed colocalization studies with iso-lectin B4 and 

the mural cell marker NG2 [136]. These results showed that the mural cells in the Notch3 

null retinas were normally distributed and appeared to associate with the developing 

vessels in a similar fashion to wild type and heterozygous !ittermates (Figure 19). 

Furthermore, to exclude the possibility that reduced vessel density was a result of 

increased vessel regression; we stained for Collagen IV to detect empty collagen sleeves 

[137]. We observed no differences between the Notch3 null mice and controls (Figure 

20). To directly evaluate the influence of Notch3 on vessel sprouting, we preformed ex 

vivo sprouting assays with isolated aortic rings. Thoracic aortas from Notch3 null mice 

exhibited reduced vessel sprouts when cultured for two days compared to heterozygous 

controls, while mural cell recruitment was not affected (Figure 21). Taken together, these 

results demonstrate that mural cell-expressed Notch3 can regulate vessel sprouting, not 

only in developing retinal capillaries, but also in large elastic arteries prompted to 

undergo angiogenesis. 
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Figure 19. Mural cells in tlze angiogenic front of tlze retina. Retinas isolated from 

Notch3+1+, Notch3+!- and Notch3_,_ at P3 (A) and P5 (B) were stained with iso-lectin B4 

(red) and mural cell marker NG2 (green). Confocal images were taken at 200X 

magnification. Bar, 50j1m. 
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Figure 20. Notch3 deletion does not increase vessel regression. Retinas were isolated 

from Notch3+!- and Notch3_1
_ littermates at P3, and stained with iso-lectin B4 (red) and 

anti-collagen IV (green). Confocal images were taken at 250X magnification. Bar, 25Jllll. 

Arrows indicate the empty sleeves (collagen IV+ iso-lectin B4-) resulting from vessel 

regression. 
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Figure 21. Aortic ring assays reveal sprouting defects in Notch3 null mice ex vivo. (A) 

Represelltative images showing microvascular sprouting of aortic explallts from 

Notch3+l· (left) and Notch3·1· mice (right). Aortic sprouts were stained with iso-lectin B4 

(red) and mural cell marker NG2 antibody (green). Images were taken at JOOX (upper 

panel; bar, lOOjim) or 400X (lower panel; bar, 20jim) by confocal microscopy. (B) 

Quantification of vessels from aortic rings after 48 hours (n=9 per group from three 

litters). * P < 0.05 compared to relevant colltrol. 
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Notch3 deletion impairs the investment of mural cells 

Given that prior analysis of Notch3-deficient mice uncovered defects in smooth muscle 

maturation [56], we sought to investigate how pericytes and smooth muscle cells of the 

retina were invested in the vascular network in the absence of Notch3. To do so, we 

undertook smooth muscle (sm) a-actin and NG2 staining to highlight retinal pericytes 

and smooth muscle cells, in conjunction with iso-lectin B4. In early developmental 

stages, mural cells appeared to be normally distributed in the vascular plexus of Notch3_,_ 

mice (Figure 19). However, the null animals showed significant reduction in sm a-actin 

staining at P8 and PIS (Figure 22). Additionally, at PIS, it was evident that the density of 

surrounding mural cells in arteries was dramatically decreased in Notch3_,_ mice, with the 

formation of visible gaps between adjacent cells (Figure 22). The decrease in sm a-actin 

staining was even more pronounced in P43 adults, where mural cells were found sparsely 

surrounding the arteries (Figure 22 and Figure 23). These results indicate that the absence 

of Notch3 progressively impacts the investment of pericytes and smooth muscle cells 

over time. Because Notch3 is known to affect smooth muscle differentiation and 

particularly the expression of sm a-actin [56], we utilized an additional mural cell 

marker, NG2 to highlight these cells. Consistent with the expression of sm a-actin, we 

observed a similar pattern of NG2 staining in null mice (Figure 24A). Thus, these 

findings show that the Jack of sm a-actin staining was not due to an absence of marker 

expression, but rather, was due to the progressive loss of mural cells. To further verify the 

absence of pericyte and smooth muscle cell coverage in adult retinas Jacking Notch3, we 

costained with DAPI to mark nuclei within individual blood vessels. As predicted, the 
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Notch3 null vessels had an average of 58% fewer mural cell nuclei compared with wild 

type and heterozygous littermates (Figure 23 and Figure 24B). 

We reasoned that the loss of mural cells from the retina had to occur by one of two 

processes: by mural cells becoming disassociated from the vessels and migrating away 

[21, 138], or by apoptosis. From careful analysis, we did not observe migrating mural 

cells in retinas of Notch3 null mice. Cells that remained were closely attached to the 

endothelial abluminal surface as in control retinas (unpublished observation, H.L., B.L.). 

Prior evidence linking Notch3 to cell survival led us to pursue apoptosis as a mechanism 

for cell loss in the retinas [71, 139]. Apoptosis was assessed by a cell death ELISA kit 

using whole retinas from mice at PlO. We observed that Notch3_,_ mice exhibited a 

statistically significant increase in apoptosis (Figure 25A). Assessment of proliferation in 

the Notch3 null and control retinas did not reveal any obvious differences (Figure 26). 

Although the difference in apoptosis was small, the progressive loss of mural cells 

suggests that Notch3 acts to suppress cell death, and in its absence over time, cells 

gradually succumb resulting in considerable deficiency of mural cells. To further confirm 

this, we performed in vitro apoptosis assays using mouse aortic smooth muscle cells 

isolated from heterozygous and homozygous animals. Consistent with our in vivo data, 

Notch3-deficient smooth muscle cells exhibited an increase in apoptosis compared with 

control cells (Figure 25B). 
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Figure 22. Notch3 deletion impairs mural cell investment in retinal vasculature. 

Retinas were isolated from Notch3+1
· (left) and Notch3·f· (right) litte1mates at P8, P15 

and adults (P43 ). At indicated time points, retinas were costained with mural cell marker 

sm a-actin (green) and iso-lectin B4 (red) to highlight the vasculature. Confocal images 

were taken at JOOX (bar, JOOJ.bll) and 630X (bar, lOJ.bll) magnification. 
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Figure 23. Notclz3 deletion decreases the coverage of mural cells in reti11al vasculature. 

Retinas were isolated from Notch3+1+, Notch3+!- and Notch3_,_ littermates at P43, and 

stained with mural cell marker sm a-actin (green) and iso-lectin B4 (red) (A). Confocal 

images were taken at JOOX magnification. Bar, lOOf.Jlll. Retinas were stained with sm a

actin (green), DAPI (blue, for nuclei) as well as iso-lectin B4 (red) (B). Arrows indicate 

the nuclei of mural cells. Confocal images were taken at 630X magnification. Bar, 20f.Jlll. 

(C) Quantification of mural cell nuclei in retinal arteries of Notch3+1+, Notch3+l· and 

Notch3_,_ at P43. * P < 0.05 compared to relevant controls. 
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Figure 24. Notch3 deletion decreases the coverage of mural cells in retinal vasculature 

-NG2 and DAPI staining. Retinas were isolated from Notch3+t- and Notch3·t- littermates 

at P43. (A) Retinas were immunostained with mural cell markers sm a-actin (green) and 

NG2 (red). An iso-lectin 84 (blue) was used to visualize the vasculature. Confocal 

images were taken at 630X magnification. Bar, 20flm. (B) Retinas were immunostained 

with sm a-actin (green), DAPI (blue, for nuclei) as well as iso-lectin 84 (red). Arrows 

indicate the nuclei of mural cells. Confocal images were taken at 630X magnification. 

Bar, 20flm. 
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Figure 25. Notch3 deficiency increases apoptosis in mural cells. (A) Retinas were 

isolated from Notch3+t- and Notch3_1
_ littermates at PJO, homogenized and the 

supernatant of each retina was subjected to cell death detection ELISAPLUS kit to measure 

histone-associated DNA fragmentation (n=6 mice for each group). (B) Aortic smooth 

muscle cells from Notch3+t- and Notch3·f- mice were serum starved in DMEM with 0.25% 

FBS for 72 hours and cell apoptosis was assessed by cell death detection ELISA PLUS kit 

(n=3 ). * P < 0.05 compared to relevant control. 
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Figure 26. Notch3 deletion does not affect proliferation of mural cells in retinal 

arteries. (A) Retinas were isolated from Notch3+1+, Notch3+t- and Notch3·t- littermates at 

P 10, and stained with iso-lectin B4 (red), anti-phospho-histone H3 (pH-H3, green; for 

proliferation) and DAPI (blue, for nuclei). Confocal images were taken at 400X 

magnification. Bar, 20j.UII. (B) Quantification of proliferating mural cells in retinal 

arteries. 
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Notch3 modulates pathological angiogenesis 

In order to investigate the role of Notch3 in pathological angiogenesis, we used a mouse 

model of oxygen-induced retinopathy (OIR) [133]. In this model, P7 pups were exposed 

to 70% oxygen (hyperoxia) for five days (P7-Pl2) to induce vascular regression and 

obliteration in the central retina. At P12, mice were returned to room air for five days, 

during which time period relative hypoxia initiates rapid vessel growth and pathological 

neovascularization. We examined the vascular phenotypes of mice subjected to OIR. At 

the height of vascular regression in Pl2 retinas, Notch3·'- mice and Notch3+/- littermates 

had a comparable vascular obliteration, which quantitatively occupied approximately 

35% of the total retinal surface (Figure 27). These data show that Notch3 deficiency does 

not affect the susceptibility of retinal vasculature to oxygen-induced vessel regression. In 

contrast, during the neovascularization phase, Notch3_,_ retinas exhibited a diminished 

number of new blood vessels, compared to Notch3+/- littermates (Figure 28A-C). In the 

null mice, there was a 35% decrease in neovascularization. Moreover, the number and the 

size of vascular tufts were reduced in Notch3_,_ animals. To characterize the vascular tufts 

in more detail, retinas were costained for iso-lectin B4 and NG2 [140]. These images 

revealed that NG2-positive staining was seen in both the heterozygous and null tufts at 

similar intensities (Figure 28D). Thus, under pathological conditions, Notch3 deletion has 

a negligible effect on vascular regression, but substantially impairs the process of 

neovascularization, as evidenced by a decrease in the size and number of vascular tufts. 
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Figure 27. Notch3 deletion does not affect vessel obliteration at P12 in the OIR model. 

Retinas from Notch3+l· and Notch3·l· littemzates were examined at P 12 by microscopy 

after oxygen-induced retinopathy. (A) Representative retinal vasculature from Notch3+!-
' 

(left) and Notch3·!- (right) littennates at P 12. White lines outline the area of vaso-

obliteration. Bar, 500fltll. (B) .Graph represents vasa-obliteration in Notch3+!- and 

Notch3·'· mice at P12 (n=6 per group); ns, not significant. 
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Figure 28. Notch3 deletion results in decreased retinalneovascularization in OIR. (A) 

Representative retinal vasculature from Notch3+!- (left) and Notch3_1_ (right) litte/7nates 

at P 17 subjected to OJR. White lines outline the area of vasa-obliteration. Bar, 500j1m. 

(B) Graph represents neovascularization in Notch3+!- and Notch3'1' mice at Pl7 (n=lO 

mice for each group). * P < 0.05 compared to relevant control. (C) High magnification 

images of retinal vasculature at Pl7 were taken at 200X by confocal microscopy to 

highlight the neovascular tufts. Bar, 50J1m. (D) Retinas at Pl7 from OIR-treated 

Notch3+!- and Notch3·l- mice were double-labeled with mural cell marker NG2 (green) 

and endothelial-specific iso-lectin B4 (red). Images were taken at 630X by confocal 

microscopy. Bar, 20J1m. Yellow color reflects overlay of endothelial and mural cells. 
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Notcb3 expression is increased during oxygen-induced neovascularization and 

regulates Angiopoietin-2 

To further explore the role of Notch3 in retinal neovascularization, we examined its 

expression in retinas of wild-type mice subjected to OIR. Compared to mice in normoxia, 

Notch3 mRNA was increased in relative hypoxia as assessed by quantitative PCR (Figure 

29A). At P12, just after hyperoxia treatment, Notch3 expression was slightly lower than 

that of normoxia controls, probably due to an overall decrease in blood vessels. However 

by PIS, Notch3 mRNA surpassed control levels and at P17 exceeded control expression 

by more than 2-fold. These observations signify that Notch3 might have a unique role in 

modulating vascular development under pathological conditions. 

It is known that pathological angiogenesis is stimulated by an increase in angiogenic 

factors such as VEGF and the Angiopoietins [141]. Given that Notch proteins function as 

transcription coactivators, and Notch3 is increased in hypoxia, we theorized that it might 

act to regulate the expression of certain other factors during hypoxia. Examination of 

known Notch target genes [142] in hypoxia-treated retinas at Pl7, revealed a significant 

decrease in Hrt3 mRNA expression in Notch3 null mice (Figure 30). We next evaluated 

mRNA levels of angiogenic growth factors and their receptors in these same hypoxia

treated retinas. Expression of VEGF-A, VEGF-C, Angiopoietin-1 and Tie-2 all exhibited 

similar expression levels in Notch3+t- and Notch3_,_ littermates (Figure30). Conversely, 

Angiopoietin-2 (Ang-2) mRNA expression was decreased by approximately 40% in the 

null retinas compared with control (Figure 29B). The expression of Ang-2 was 

additionally assessed by immunostaining, which showed the Ang-2 protein was 
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significantly reduced in Notch3 deficient mice (Figure 29C). In the retina, Ang-2 

expression is upregulated during both physiological and pathological neovascularization 

(Figure 31, and elsewhere [143]). Mice that are deficient for Ang-2 exhibit reduced 

hypoxia-driven angiogenesis [144, 145], similar to that observed in our Notch3 null 

animals. These combined results suggest that one mechanism in which Notch3 governs 

pathological angiogenesis is by regulation of Ang-2. To evaluate if the Notch3-dependent 

reduction in Ang-2 is unique to the pathological conditions produced by hypoxia, we 

examined the expression of Ang-2 in Notch3 null and heterozygous mice under 

normoxia. In Pl7 retinas isolated from mice exposed to room air, the Notch3 deletion had 

no effect on Ang-2, Ang-1 or Tie-2 expression, or that of Hesl, Hrt2, and Hrt3 (Figure 

32). These experiments imply that Ang-2 is a target of Notch3 only during oxygen

induced neovascularization, and suggest that crosstalk between Notch3 and hypoxic 

signaling triggers this distinct expression. 

To determine whether Notch3 could directly induce Ang-2 expression, we overexpressed 

a constitutively active form of Notch3 (NICD3) and measured Ang-2 mRNA. Lentiviral 

transduction of the NICD3 in primary cultures of human aortic smooth muscle cells 

caused Ang-2 mRNA expression to be significantly increased compared with control 

cells transduced with a GFP-expressing lentivirus (Figure 290). Hypoxia-inducible 

factor-! a (HIFl a) is a key regulator of hypoxia-induced signaling, and was previously 

shown to directly_ interact with Notch! to activate transcription [141, 146]. To determine 

if HIF1a and Notch3 cooperate to regulate the expression of Ang-2, we cotransduced the 

NICD3 with a HIF!a eDNA and measured Ang-2 transcript levels. Indeed, while Ang-2 
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expression was augmented by NICD3, addition of HIFla: with NICD3 produced a greater 

increase in Ang-2 (Figure 29D). Interestingly, HIFla: transduction in aortic smooth 

muscle cells did not invoke an increase in Ang-2 expression on its own, and required the 

NICD3. Thus, as suggested by previous reports [147, 148], the regulation of Ang-2 

expression in mural cells differs from that in endothelial cells, and likely depends on 

Notch3 in hypoxia. Overall, these results indicate that Ang-2 is a direct target of Notch3 

in mural cells, and Notch3 specifically regulates its expression under pathological 

conditions, possibly in conjunction with HIFla:. In summary, our data support the notion 

that Notch3 modulates oxygen-induced neovascularization by regulating the expression 

of Ang-2 from mural cells, which then acts on adjacent Tie-2-expressing endothelial cells 

to modulate blood vessel assembly. 
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Figure 29. Notclz3 regulates Angiopoietin-2. (A) Quantitative PCR analysis of Notch3 

mRNA expression in the retinas of wild type mice at indicated time points (Pl2-P17) in 

oxygen-induced retinopathy (OIR) or nonnal condition (Con). (B) mRNA expression of 

Angiopoietin-2 in P I7 retinas of Notch3+!- and Notclz3_1_ mice subjected to OIR. (C) 

Retinas at P I7 from 0/R-treated Notch3+!- and Notch3_1
_ mice were stained with an 

Angiopoietin-2 antibody (green), iso-lectin B4 (blue) and mural cell marker sm a-actin 

(red). Images were taken at 630X by confocal microscopy. Bar, 20jlm. (D) Induction of 

Angiopoietin-2 expression by Notch3 and HIFJ a in vitro. Human aortic smooth muscle 

cells were transduced with lentivirus expressing the human Notch3 intracellular domain 

(NICD3) or GFP. 72 hours after transduction, cells were infected with adenovirus 

expressing GFP (AdGFP) or HIFJ a (AdHIFJ a) as indicated for 48 hours. Cells were 

then collected and analyzed by qPCR to evaluate Angiopoietin-2 expression. * P < 0.05 

compared to relevant control. 
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Figure 30. Gene expression comparison in P17 retinas of Notch3+!· and Notch3'1
' mice 

subjected to OIR. Quantitative PCR analysis of Hesl, Hrt2, Hrt3, Angiopoietin-1, Tie-2, 

VEGF-A and VEGF-C mRNA expression in the retinas of Notch3+!- and Notch3·!- mice at 

P 17 after oxygen-induced retinopathy (n=3 ); ns, not significant; * P < 0.05 compared to 

relevant control. 
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Figure 31. Gene expression in the course of OIR and normal conditions. Quantitative 

PCR analysis of Angiopoietin-1, Angiopoietin-2 and Tie-2 mRNA expression in the 

retinas of wild type mice at indicated time points (P 12-P 17) in 01R model and normal 

condition (Con) (n=3). 
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Figure 32. Gene expression comparison in Pl7 retinas of Notch3+l- and Notch3"1
" mice 

under normal conditions. Quantitative PCR analysis of Hes1, Hrt2, Hrt3, Angiopoietin-

1, Angiopoietin-2 and Tie-2 in P 17 retinas of Notch3+!- and Notch3_1_ mice under nonnal 

conditionS (n=3 ); ns, not significant. 
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Discussion 

Notch signaling can regulate cell-to-cell communication and control cell fate decisions in 

a variety of cell types. In the vascular endothelium, signaling between Dll4 and Notchl in 

tip and stalk cells, respectively, prevents stalk cell sprouting [55]. This Notch-dependent 

homotypic interaction helps to pattern blood vessels. In this study, we asked how Notch 

signaling might facilitate heterotypic interactions between mural cells and endothelial 

cells that help shape the vasculature. Previous work has suggested an important role for 

pericytes in modulating tube formation [92, 149], and an in vitro study by our lab 

demonstrated that mural cell-expressed Notch3 affects angiogenesis [130]. Here, we 

show that under physiological conditions, Notch3 deletion decreases vascularization in 

the mouse retina at early developmental stages. These angiogenic defects are not a result 

of enhanced regression, which points to growth retardation as the likely cause. The 

decline in angiogenesis is associated with a reduction in branching, and accordingly, 

these data reveal that Notch activity in mural cells can modulate vascular patterning. Our 

results show that in the absence of Notch3, mural cells are still present at leading edge of 

growing vessels. Thus, the observed angiogenic defects must be due to improper 

signaling from these cells. The way in which Notch3 receptor signaling from mural cells 

instructs endothelial cells is not entirely clear. Though, previous studies have offered 

insight into a potential mechanism. One study showed that an endothelial-specific 

knockout of Jaggedl has reduced retinal angiogenesis, including branching defects [150] 

that resemble those we observed in Notch3-deficient mice. Another demonstrated that 

mice lacking endothelial-expressed Jagged! have severe mural cell defects [99]. In 
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addition, previous data from our Jab showed that Jaggedl on endothelial cells promotes 

Notch activity and mural cell differentiation [130]. In light of these previously published 

findings, one possible model to explain the Notch3-dependent angiogenic phenotype is 

that endothelial-expressed Jagged] signals to Notch3 on mural cells to promote mural 

cell investment. The invested mural cells then influence endothelial growth and 

branching by producing secreted factors. Indeed, additional studies will be required to 

elucidate the exact mechanism through which Notch3 influences vessel patterning. 

Adult Notch3 null mice exhibit impaired arterial differentiation, enlargement of vessels, 

and defective maturation of VSMCs [56]. In addition, Notch3 deficiency impacts 

vascular tone in resistance arteries, indicative of functional defects in smooth muscle 

cells [76]. To investigate more thoroughly the vascular smooth muscle defects associated 

with Joss of Notch3, we examined them in the retinal vasculature. This vascular bed is 

formed postnatally and is conducive to stepwise analysis of mural cell recruitment and 

differentiation. From our experiments, mural cells initially appeared to be recruited 

normally in Notch3 null mice, albeit the expression of sm a-actin was slightly decreased. 

However, over time mural cells surrounding the vessels were progressively lost. 

Apoptosis assays revealed a small but significant increase in cell death, consistent with 

previous reports that linked Notch3 to cell viability [71, 139]. These results are in 

contrast to those published by Domenga et a!., which reported no detectable apoptosis in 

the tail arteries of Notch3_,_ adult mice [56]. This discrepancy could be due to differences 

in the vascular beds that were analyzed. Yet, in vitro apoptosis assays that we performed 

on aortic smooth muscle cells from Notch3 heterozygous and null mice were consistent 
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with our in vivo results done on retinal tissue. We believe that in the absence of Notch3, 

the small increase in apoptosis leads to an incremental loss of mural cells over time. 

Thus, Notch3 not only functions to regulate arterial differentiation and maturation [56], 

but also controls the investment and stability of mural cells contributing to functional 

blood vessels. 

Our data indicate that the loss of pericytes has little effect on retinal angiogenesis, as 

mural cells begin to be lost after PS in Notch3 null mice, yet the angiogenic phenotypes 

we observed were most pronounced prior to this stage. The loss of Notch3 appears to 

have no effect on recruitment. Our data show that mural cells are present and distributed 

normally at the angiogenic front. These would imply it is not the absence of Notch3-

deficient mural cells that affects vessel growth, but a defect in their function. Currently, 

we do not know the exact mechanism through which Notch3 conveys angiogenic signals. 

Possibilities include, heterotypic signaling to endothelial cells or Notch-regulated gene 

expression of angiogenic factors in mural cells. At later stages after the vessels are 

formed, mural cell loss does not seriously impact their stability or regression. We did 

observe an overall enlargement of arteries in Notch3 deficient retinas at later stages (data 

not shown), similar to the Domenga et al., study [56]. Taken together, these findings 

imply that pericyte-expressed Notch3 impinges on endothelial cells vessel-forming 
. 

capabilities early on to regulate assembly, and once the vessel network is established, 

mural cells have little effect on modulating blood vessel structure. Importantly however, 

we cannot exclude the possibility that compensatory mechanisms are activated in the null 
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mice, which mask additional roles of Notch3 in mural cells. Perhaps other Notch 

receptors, such as Notch!, take over in the absence ofNotch3. 

Notch3 function has been linked to ischemic diseases. Arboleda-Velasquez eta!., showed 

that Notch3-deficient mice were more susceptible to ischemic stroke [ 129], whereas, Li et 

a!., revealed a protective effect of Notch3 deficiency for the development of pulmonary 

hypertension [81]. In this study, using an ischemia-induced retinopathy model, we 

demonstrate that Notch3 plays a direct role in proliferative neovascularization. In the 

absence of Notch3, vascular tufts are decreased, suggesting that in ischemia, Notch3 acts 

to promote blood vessel formation, possibly as a maladaptive response to hypoxia. 

Similar to physiological conditions, Notch3 does not appear to be required for 

recruitment of mural cells in hypoxic conditions. Our experiments did not address if 

Notch3 is required for mural cell stability and investment in this disease state, as it is 

during development. The Notch pathway is known to intersect with hypoxic signaling, 

and Notch! and HIF!ucan directly interact to regulate transcription [146, 151]. 

Consequently, it is not surprising that Notch3 affects blood vessel formation in disease 

states, though the transcriptional targets of Notch signaling in ischemia have not been 

previously described. Here, our results show for the first time that Ang-2 is a target of 

Notch3 under ischemic conditions. Moreover, we show that Notch3 cooperates with 

HIF1u to regulate Ang-2. Indicative of a mutual pathway, Ang-2-deficient mice share 

phenotypic similarities with Notch3 null mice subjected to OIR [144, 145]. Therefore, the 

convergence of Notch3 and HIF!u onto Ang-2likely serves to precisely control this vital 

signaling factor exclusively in ischemia. 
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In summary, our data conclusively show that mural cell-expressed Notch3 is important 

for modulating distinct aspects of developmental and pathological blood vessel 

formation. Notch3 signaling to endothelial cells regulates vessel branching and its 

expression on mural cells is critical for their differentiation and viability. Furthermore, in 

pathological conditions, Notch3 regulates Ang-2 expression under hypoxia, 

demonstrating a role for this Notch family member in governing neovascularization. Our 

results suggest that Notch3 utilizes multiple mechanisms to control different aspects of 

blood vessel formation and function, and they differ under normal and aberrant states. 

Thus, therapeutic targeting of Notch3 might be a novel approach for disrupting 

angiogenesis in certain vascular related diseases. 
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III. DISCUSSION 

Blood vessels are composed of endothelial cells that form the inner lining of vessels and 

mural cells, that envelope the endothelium. Mural cells are either pericytes in the 

microvasculature or smooth muscle cells in larger vessels. Neovascularization requires that 

endothelial cells and mural cells proliferate, migrate to the proper location, and assemble 

into vascular structures. Signals exchanged between these two cell types control the 

formation, maturation, remodeling, and function of vascular networks. Yet, precisely how 

endothelial cells communicate with mural cells to form a functional vessel is still 

incompletely understood. In this study, we show that endothelial cells induce Notch3 

expression and activate Notch3 signaling in mural cells through direct cell-to-cell contact. 

Notch3 plays a critical role in mediating endothelial-mural cell interactions during 

postnatal vascular development under both physiological and pathological conditions. 

3.1 The regulation of Notch3 expression 

Several studies have demonstrated that soluble growth factors or cytokines are able to 

regulate Notch3 expression. For example, cytokine IL-l decreases the expression of 

Notch3 and Notch target genes in VSMCs [72]. In the context of vessel injury and repair, 

both angiotensin ll and platelet-derived growth factor (PDGF) markedly downregulate 

Notch3 [70]. However, my study show that conditioned media from endothelial cells is 

insufficient to regulate Notch3 expression in mural cells. In contrast, when endothelial 
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cells are cocultured with mural cells, which mimics the physiological condition, Notch3 

expression is dramatically induced. Moreover, once mural cells are separated from 

endothelial cells and replated, without endothelial cell contact, they then slowly lose the 

expression of Notch3 (data not shown). These results indicate Notch3 upregulation in 

mural cells is not caused by secreted factors from endothelial cells. Instead, Notch3 

induction requires direct cell-to-cell contact. Upregulation of Notch3 expression is 

accompanied by activation of Notch signaling and increased expression of known Notch 

target genes, including Hesl and HeyL/Hrt3. Furthermore, we conclude that Notch3 

expression is promoted in mural cells through an autoregulatory loop that requires 

endothelial-expressed Jagged I. Several lines of evidence support this conclusion. 1) A y

secretase inhibitor, DAPT, which inhibits canonical Notch signaling, abrogates the ability 

of endothelial cells to increase Notch3 in mural cells. 2) Dominant negative-MAML, 

which is transduced into mural cells and blocks Notch signaling, blunts endothelial

induced Notch3 protein and mRNA expression. 3) NICD3, constitutively activated form 

of Notch3, induces Notch3 transcripts. in mural cells. 4) Knockdown of Jagged! in 

endothelial cells inhibits the induction of Notch3 in mural cells. My results are the first to 

demonstrate that Notch3 can control its own expression in mural cells, which may further 

amplify or maintain the initial endothelial-mural cell contact over an extended period. 

3.2 Notch3 function in mural cell 

3.2.1 Notch3 mediates endothelial cell-induced mural cell differentiation 

Genetic studies have implicated the importance of Notch3 receptor in the control of 

smooth muscle differentiation [56]. However, it is not clear how Notch3 receptor is 
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activated to exert its function and in which cell type the ligand is located. Endothelial 

cells are known to promote mural cell differentiation, but the underlying mechanisms are 

less defined. My studies link endothelial-induced mural cell differentiation to Notch3 

signaling. One of my important findings is that under coculture conditions, increased 

expression of Notch3 in mural cells is accompanied by upregulation of expression of 

SMC differentiation marker genes, such as sm a-actin, calponin, and SM-MHC. The 

induction of these genes in mural cells is abolished by Notch3 knockdown with siRNA, 

suggesting endothelial-induced mural cell differentiation is dependent on Notch3 

expression. Considering that Jagged! in endothelial cells is required for Notch3 gene 

induction and activation in mural cells and that mice lacking endothelial-expressed 

Jagged! have defects in mural cell differentiation [99], my study is the first to provide 

evidence that endothelial cells regulate the differentiation of neighboring mural cells by 

Jagged 1-Notch3 interactions. 

On activation of Notch signaling in mural cells, we not only observed upregulation of 

Notch3 receptor but also found a parallel increase in expression of the Notch ligand 

Jagged! in the same cells. This is an intriguing finding that mural cells could pass on the 

signal and promote a second layer of mural cell differentiation through the same 

mechanism, the interaction of Jaggedl-Notch3. Consistent with my result, studies from 

other groups have shown that Jagged! expression is depend on Notch3 activation in 

ovarian serous carcinoma [152], where Notch3 gene is amplified, suggesting it may be a 

common feature of activated Notch3 signaling to promote the expression of Jagged! 

ligand. 
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3.2.2 Notch3 is critical for mural cell investment 

Notch3 null mice not only exhibit reduced levels of differentiation genes in smooth 

muscle cells, but also exhibit a thinner coating of smooth muscle cells in the small 

arteries compared with wild-type mice [56], suggesting Notch3 deletion may impact 

mural cell investment. My in vivo studies that examined the morphology of retinal 

vasculature provide direct evidence that Notch3 is critical for mural cell investment. An 

interesting result I observed is that mural cells appear to be recruited normally in Notch3 

null mice at the early stages of retinal development. However, over time mural cells 

surrounding the vessels are progressively lost with the formation of visible gaps between 

adjacent cells. My result suggests that in the absence of Notch3, increased apoptosis of 

mural cells is potentially responsible for the impaired investment, but it needs further 

investigation. Thus, Notch3 not only functions to regulate differentiation and maturation 

of smooth muscle cells [56], but also controls the investment and stability of mural cells. 

The limitation of my study is that I do not elucidate whether Notch3 deletion affects the 

function of vasculature in the retina, such as vascular permeability, although the vessel is 

enlarged in adult Notch3 null mice. In addition, compromised mural cell coverage in the 

retina of Notch3 deficient mice recapitulates the aspect of the pericyte loss in the retinas 

of diabetic patients, but so far it is still not clear whether Notch3 dysfunction is involved 

in diabetic retinopathy. 

3.3 Notch3 and vessel assembly 
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Previous evidence has implied that mural cells are critical regulators of vascular formation 

because they stabilize the vessel wall, and regulate endothelial cell survival, growth, and 

maturation. Given that N otch3 is upregulated in mural cells upon coculture, we wondered 

whether mural cells affect endothelial cell behavior through Notch3 signaling. My studies 

show for the first time that mural cell-expressed Notch3 can modulate endothelial cell's 

ability to form vessels. Several pieces of data support this conclusion. 1) When endothelial 

cells are cocultured with mural cells in a 3-D system, the presence of mural cells 

significantly increases vessel formation. However, ablation of Notch3 expression by 

siRNA in mural cell decreases the ability of endothelial cells to form vessels. 2) In vivo, 

using retinal angiogenesis as a model, we found vascularization is decreased in Notch3 

deficient mice at early developmental stages. The decline in angiogenesis is associated with 

a reduction in vascular branching and sprouting, indicating Notch3 in mural cells can 

somehow modulate vascular patterning. Although the mechanisms by which Notch3 

signaling in mural cells contributes to endothelial assembly are not entirely clear, it may 

involve a contribution of Notch3 to the angiogenic growth factors produced by mural cells. 

3) Under the pathological condition, using an oxygen-induced retinopathy model, we 

demonstrate that Notch3 plays a role in proliferative neovascularization. In the absence of 

Notch3, the vascular tufts are decreased, which is potentially due to the reduced pro

angiogenic factor Angiopoietin-2. My in vitro results further show for the first time that 

Angiopoietin-2 is a target of Notch3 under ischemic conditions. 

3.4 Potential implications for Notch3 in diseases 
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Several of my results indicate a possible involvement of Notch3 in disease processes, such 

as tumors. In the last four decades anti-tumor therapy has been focused on targeting tumor 

vessels. It is known that tumor blood vessels are frequently disorganized, leaky, and poorly 

functional. Recent developments in anti-VEGF therapy show promising results. Indeed, it 

appears most effective to combine anti-angiogenesis with chemotherapy and/or 

radiotherapy [153]. This is partially due to initial tumor vascular normalization, which 

improves drug delivery for chemotherapy [154]. However, a significant proportion of 

tumors become resistant to anti-VEGF therapy after the initial treatment, and second-line 

treatment fails to improve overall survival [155]. The observation that pericyte coverage 

reduces VEGF-A dependency of blood vessels has led to the idea that the efficacy of anti

VEGF-A treatment would be increased by removing pericytes from tumor blood vessels. 

Studies from different groups have shown that targeting both pericytes and endothelial cells 

in the tumor vasculature increases the success of anti-VEGF treatment compared with 

VEGF inhibition alone in a variety of experimental models [156, 157]. Given the 

importance of Notch3 receptor in the vessel assembly and mural cell investment, my 

studies raise the possibility that blocking Notch3 signaling may represent a novel approach 

to destabilizing the vessel wall, which could eventually inhibit tumor angiogenesis. In 

addition, amplification and activation of Notch3 receptor has been also linked to cell 

growth, survival and malignancy in certain tumors. Therefore, inhibition of Notch3 may 

not only suppress tumor angiogenesis, but also inhibit tumor cell hyperproliferation. Thus, 

it will be intriguing to develop a strategy that selectively targets Notch3. 
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IV. SUMMARY 

In summary, the experiments described provide new evidence to demonstrate that the 

Notch3 receptor mediates the communication between endothelial cells and mural cells, 

which regulates blood vessel formation and maturation (Figure 33). We believe that 

during vessel formation, the endothelial-to-mural cell contact causes Jagged! expressed 

on endothelial cells to bind to the Notch3 receptor on mural cells and activates the Notch 

signaling pathway. Activated Notch3 regulates its own expression and the expression of 

its ligand Jagged! in mural cells, which amplifies and passes on the initial signal. 

Moreover, Notch3 expression is crucial not only for regulating mural cell functions, 

including differentiation and investment, but also for regulating developmental and 

pathological blood vessel formation. 
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Figure 33. Notch3 signaling mediates the communication of endothelial cells and 

mural cells. During vessel fomzation, the endothelial-to-mural cell contact causes 

Jagged] expressed on endothelial cells to bind to the Notch3 receptor on mural cells and 

activates the Notch signaling pathway. Activated Notch3 regulates its own expression 

and the expression of its ligand Jagged] in mural cells, which amplifies and passes on 

the initial signal. Moreover, Notch3 expression is crucial not only for regulating mural 

cell functions, including differentiation and investment, but also for regulating 

developmental and pathological blood vessel fonnation. 
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