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The way in which multiple cell types organize themselves into a carefully sculpted, 3D labyrinth of vessels that regulate
blood flow throughout the body has been a longstanding mystery. Clinicians familiar with congenital cardiovascular
disease recognize how genetic variants and modest perturbations in this complex set of spatiotemporal interactions and
stochastic processes can result in life-threatening anomalies. Although the mystery is not yet fully solved, we are poised
at an exciting juncture, as insights from murine disease models are converging with advances in human genetics to shed
new light on puzzling clinical phenotypes of vascular disease. The study by High et al. in this issue of the JCI establishes
a model system that mimics clinical features of congenital cardiovascular disease and further defines the role of the Notch
signaling pathway in the neural crest as an essential determinant of cardiovascular structure (see the related article
beginning on page 353).
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an understanding of these relationships 
would be required before attempting to 
alter ODC stress responses in MS patients 
for therapeutic benefit.
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The way in which multiple cell types organize themselves into a carefully 
sculpted, 3D labyrinth of vessels that regulate blood flow throughout the 
body has been a longstanding mystery. Clinicians familiar with congenital 
cardiovascular disease recognize how genetic variants and modest perturba-
tions in this complex set of spatiotemporal interactions and stochastic pro-
cesses can result in life-threatening anomalies. Although the mystery is not 
yet fully solved, we are poised at an exciting juncture, as insights from murine 
disease models are converging with advances in human genetics to shed new 
light on puzzling clinical phenotypes of vascular disease. The study by High 
et al. in this issue of the JCI establishes a model system that mimics clinical 
features of congenital cardiovascular disease and further defines the role of 
the Notch signaling pathway in the neural crest as an essential determinant of 
cardiovascular structure (see the related article beginning on page 353).
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The process of vascular 
morphogenesis
In the embryo, endothelial precursors ini-
tially assemble into a primitive plexus of 
channels that expand by sprouting and 

remodeling into a highly organized arbo-
rization of vessels that ramify throughout 
the body. Studies in various knockout 
mouse models suggest that VEGF, angio-
poietins, and PDGF provide local cues 
that promote vascular morphogenesis 
and the investment of the endothelial 
channels with a VSMC layer. The architec-
ture of the vascular tree is further refined 
to very precise dimensions in accordance 
with biomechanical parameters of shear 
and radial stresses (1, 2).

In a classic series of seminal studies 
involving quail-chick chimeras and tissue 
ablation experiments, Kirby and colleagues 
established that the cardiac neural crest 
plays an essential role in establishing the 
pattern of the vertebrate vascular system 
(3). The molecular mechanisms underlying 
these phenomena are gradually being elu-
cidated (Table 1). The cardiac neural crest 
(an ectodermal cell population arising from 
the dorsal neural tube) migrates to popu-
late the aortic arch arteries and cardiac out-
flow tract. The migrating cardiac neural 
crest cells contribute to the septation of the 
truncus arteriosus into a separate pulmo-
nary artery and aorta. Similarly, a subpopu-
lation of these neural crest cells becomes 
part of the mass of VSMCs that contribute 
to the formation of the pulmonary trunk, 
ductus arteriosus, carotid arteries, and 
proximal subclavian arteries (3–5). The 
study reported by High et al. in this issue of 
the JCI (6) provides the first demonstration 
to our knowledge that the Notch transcrip-
tional cascade within the neural crest plays 
an essential mediator role in VSMC differ-
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entiation during the formation of the aortic 
arch and pharyngeal arteries.

Role of the Notch pathway  
in vasculogenesis and  
VSMC differentiation
The 4 mammalian Notch receptors (Notch 
1–4) and 5 ligands (Jagged1 and -2; Delta-
like1, -3, and -4) all contain transmembrane 
domains such that ligand-receptor signal-
ing occurs between adjacent cells (Figure 
1). The ligand-receptor binding triggers a 
g-secretase–dependent cleavage that releas-
es the intracellular domain of Notch to the 
nucleus and facilitates an association with 
the transcription factor CBF-1 (also known 
as RBP-Jk or CSL). The subsequent recruit-
ment of the coactivator, mastermind-like 
(MAML) protein, promotes transcription-
al activation of downstream effectors such 
as hairy and enhancer of split (HES) and 
the HES-related repressor protein (HERP) 
family of transcription factors (7). Given 
that MAML is a common signaling node 
employed by all Notch receptors, High and 
colleagues’ use of the dominant-negative 
MAML construct (6) is an effective strategy 
for inducing broad-based inhibition of the 
Notch transcriptional cascade.

In murine models, selective knockout 
of the ligands Jagged1 and Delta-like4 or 
the receptor Notch1 results in striking 
abnormalities in vascular development 
(8). Similarly, the combined deletion of 
the downstream Notch effectors Herp1 
and Herp2 leads to similar vascular mal-
formations. Thus, there is compelling 
evidence that the Notch signaling path-
way plays a key mediator role in vascular 
morphogenesis (4, 7). However, these pre-
vious studies failed to isolate and clarify 
the specific role of Notch signaling in 
VSMC differentiation. By focusing on 

neural crest–derived VSMCs, the study 
by High and colleagues is among the first 
that addresses the direct role of Notch in 
VSMC differentiation in vivo (6).

Molecular pathways in vascular 
development: implications  
for genomic medicine
As progress is made in the dissection of 
the gene regulatory networks that govern 
vascular morphogenesis, it is important 
to translate these insights into an under-
standing of genetic factors that increase 
susceptibility to clinical phenotypes of vas-
cular malformation. DiGeorge syndrome 
is a clinically heterogeneous disease caused 
by a multigene deletion on chromosome 
22q11 that is manifested by cardiovascu-
lar anomalies reminiscent of neural crest 
ablation such as tetralogy of Fallot and 
interrupted aortic arch. A systematic series 
of complementation experiments in mice 
have characterized a T-box transcription 
factor, T-box 1 (Tbx1), as a major mediator 
in the neural crest during cardiovascular 
development (9). Indeed, patients that lack 
the chromosome 22q11 deletion, yet have 
mutations in the TBX1 gene, retain features 
of DiGeorge syndrome (10, 11). Thus, an 
important paradigm of this unfolding mys-
tery is that highly penetrant clinical phe-
notypes appear to emerge in the context of 
mutations of factors (e.g., TBX1) that play 
a central role in the vascular development 
gene regulatory network.

Alagille syndrome is a heritable multisys-
tem disease that is clinically characterized 
by bile duct insufficiency and cardiovascu-
lar manifestations that are reminiscent of 
other neural crest deficiency phenotypes 
(e.g., pulmonary stenosis, tetralogy of Fal-
lot, and coarctation of the aorta). In accor-
dance with the emerging paradigm, the 

vast majority of patients with Alagille syn-
drome have mutations in the Notch ligand 
Jagged1 (7, 11). Moreover, a recent report 
suggests that the small percentage of Ala-
gille patients that are negative for Jagged1 
mutations have significant mutations in 
the gene coding for Notch2 (12). Thus, 
the animal model of neural crest–selective 
Notch inactivation demonstrated by High 
et al. (6) appears to translate to the clinical 
context with high fidelity.

Developmental gene regulatory 
networks: reactivation in adult 
vascular disease
Although the study by High et al. (6) focus-
es on the role of the Notch pathway in car-
diovascular development, the implications 
of this model extend beyond the realm of 
congenital heart disease to the context of 
vascular disease in adulthood. Unlike skel-
etal and cardiac muscle cells, VSMCs are 
not terminally differentiated and exhibit 
substantial plasticity in phenotypic modu-
lation within adult vessels. An emerging 
pathobiological paradigm suggests that 
the vascular development gene regulatory 
network is often reactivated in the context 
of vascular remodeling and repair in adult 
vascular disease (2).

Studies in our laboratories and by others 
have demonstrated that elements of the 
Notch transcriptional cascade are activated 
in the context of vascular lesion formation 
and that the Notch pathway is coupled 
to the regulation of growth, apoptosis, 
migration, and differentiation of adult 
VSMCs (2, 13–15). The essential media-
tor role of the Notch pathway in vascular 
disease is evidenced by the finding that 
Herp2-knockout mice exhibit attenuated 
neointima lesion formation in response to 
vascular injury (15).

Table 1
Factors implicated in the neural crest contribution to vascular morphogenesis and the process of vascular remodeling during development 
as well as in adult vascular disorders

	 Transcription factors	 Autocrine-paracrine factors	 Translation to clinical context
Premigratory neural crest	 PAX3, TBX1, FOXC2, RAR	 WNT, sonic hedgehog, FGF8	 Retinoic acid deficiency/excess,  
			   DiGeorge syndrome

Postmigration neural crest	 Notch pathway, GATA-6, 	 Semaphorin 3C, TGF-b /ALK2, 	 Alagille syndrome 
	 PITX2	 PDGF, endothelin

VSMC differentiation/remodeling	 MEF2C, myocardin, Kruppel-like 	 TGF-b /ALK2, mechanical stress, 	 Loeys-Dietz syndrome, CADASIL  
	 factor, serum response factor	 angiotensin, fibrillin, elastin	 syndrome, Marfan syndrome,  
			   Williams-Beuren syndrome

This list of factors is not exhaustive. ALK2, type I activin–like kinase receptor–2; FOXC2, forkhead box protein C2; MEF2C, myocyte enhancer factor 2C; 
PAX3, paired box protein 3; RAR, retinoic acid receptor; WNT, wingless-related MMTV integration site protein.
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The role of the Notch pathway in adult 
vascular disease is also indicated by the 
observation that mutations in the gene 
coding for Notch3 results in CADASIL 
syndrome, an autosomal-dominant arteri-
opathy characterized by increased suscep-
tibility to stroke and dementia in middle-
age adults (16). Moreover, recent animal 
studies suggest that the Notch signaling 
cascade is activated during ischemic stroke, 
such that the inhibition of Notch signaling 
attenuates brain injury after stroke (17). It 
is exciting to consider the potential clinical 
utility of selective inhibition of the Notch 
pathway to ameliorate the course of adult 
vascular disease.

The vascular development gene 
regulatory network: future directions
The study by High et al. (6) provides com-
pelling evidence that neural crest–directed 

blockade of Notch signaling with a domi-
nant-negative MAML gene construct inhib-
its VSMC differentiation and results in 
aortic patterning defects reminiscent of 
clinical phenotypes. However, a limitation 
of this approach is the potential for forced 
expression of dominant-negative constructs 
to yield spurious results due to “off-target” 
effects that may extend beyond the Notch 
pathway. In fact, recent reports indicate 
that MAML can also act as a coactivator 
of myocyte enhancer factor 2C (MEF2C) 
(18), a well-established mediator of car-
diovascular morphogenesis. It remains an 
open question which additional pathways 
are engaged in parallel to Notch and what 
downstream effectors mediate the direct 
coupling of Notch signaling to VSMC dif-
ferentiation programs. In addition, the cur-
rent model fails to reconcile the conflicting 
data derived from in vitro models that sug-

gest that Notch signaling may inhibit myo-
cardin-induced VSMC differentiation (19, 
20). Unfortunately, a common limitation of 
these in vitro studies is the failure to capture 
the subtle physiologic interplay among epi-
genetics, coactivator/corepressor complexes 
that exist in vivo, and the combinatorial 
effect of several downstream Notch effec-
tors working in concert to orchestrate the 
VSMC differentiation program. It is becom-
ing clear that the capacity of Notch to elicit 
lineage specification in a wide spectrum of 
developmental processes reflects the exqui-
site sensitivity of the pathway to the local 
milieu and the combinatorial interplay 
with other elements of the gene regulatory 
network peculiar to a given cellular context. 
The in vivo model used by High and col-
leagues captures the complex nuances of 
these gene regulatory circuits and provides 
a way forward toward the identification of 

Figure 1
Schematic representation of Notch signaling in neural crest cells that differentiate into VSMCs within the aortic arch during embryonic develop-
ment. Notch receptors are transmembrane proteins that can transduce cell-cell interactions into cell fate determinations. Upon the binding of 
Notch to a ligand such as Jagged or Delta, the Notch carboxyterminal fragment is cleaved between Gly1743 and Val1744 by a g-secretase. The 
cleaved intracellular domain translocates to the nucleus to form a heterocomplex with the transcription factor RBP-Jk and coactivators such as 
MAML, resulting in transactivation of target effector genes (e.g., HES and HERP). The study by High et al. (6) in this issue of the JCI supports the 
model illustrated in this schema in which cell contact may occur between adjacent endothelial or neural crest cells to initiate VSMC lineage com-
mitment through Notch-induced lateral specification. Downstream activation of target genes results in SMC lineage commitment by: (a) activation 
of known “master regulators” of VSMC differentiation (e.g., myocardin, myocardin-related transcription factors [MRTFs], or serum response factor 
[SRF]); (b) direct activation of contractile protein expression (e.g., smooth muscle myosin heavy chain [Sm-mhc]); or (c) activation of unknown 
effectors that can transactivate expression of genes in scenarios a and b (19, 20). Sm22a, smooth muscle protein 22–a.
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novel downstream mediators of the Notch 
pathway in VSMC differentiation.

It is anticipated that the growing appli-
cation of genomic approaches to define 
signature patterns in gene expression 
profiles during lineage commitment will 
lead to the discovery of new members of 
the vascular development gene regulatory 
network, advancing our understanding of 
human disease (21). This convergence of 
genomic strategies is exemplified by the 
recent discovery that mutations in the 
TGF-b signaling pathway (a key mediator 
in the vascular development gene circuit-
ry) result in a newly defined form of aortic 
disease (Loeys-Dietz syndrome) (22), and 
may foster a novel therapeutic strategy for 
adult vascular disease (23). Likewise, the 
growing integration of systems biology 
approaches (21) into the analysis of car-
diovascular development holds promise 
for unlocking the remaining mysteries of 
the complex gene regulation circuitry gov-
erning vascular morphogenesis.
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An intrinsic host defense  
against HIV-1 integration?
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HSCs are one of only a few cell types that resist HIV-1 infection despite the 
presence of HIV-1 receptors. An increasing number of genes have been iden-
tified that can reduce the sensitivity of cultured cells to retrovirus infection, 
and in this issue of the JCI, Zhang et al. identify p21Waf1/Cip1/Sdi1 (p21) as a gene 
product that can influence the sensitivity of HSCs to HIV-1 infection (see the 
related article beginning on page 473). Strikingly, p21 appears to alter the fate 
of nuclear HIV-1 DNA, promoting the formation of circular viral DNA forms 
rather than functional proviruses.
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PIC, HIV-1 preintegration complex.
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For many years, the ability of a particular ret-
rovirus to colonize a given target cell type or 
species was thought to be governed solely by 

its ability to exploit required cellular cofac-
tors provided to it by a candidate target cell. 
HIV-1, for example, can only infect cells 
that express CD4 and a chemokine recep-
tor because those molecules are required to 
mediate the fusion of virion and target cell 
membranes. Similarly, HIV cannot replicate 
in rodent fibroblasts even when they are engi-
neered to express HIV-1 receptors because of 

an incompatibility between the viral and host 
factors required for efficient gene expression. 
These host cell–specific blocks have proved 
extremely useful in enabling researchers to 
infer and subsequently discover and vali-
date the existence of host cell factors that are 
required for HIV-1 replication.

However, what was not appreciated 
until quite recently is that evolution has 
equipped cells with a variety of genes whose 
major and perhaps only role is to prevent 
retrovirus replication (1, 2). The products 
of these inhibitory genes, termed restriction 
factors, are nearly as important as required 
cofactors in determining the cellular host 
range of HIV-1 and other retroviruses. The 
best known and characterized of the restric-
tion factors are encoded by the TRIM5 and 


