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The formation of a hierarchical vascular network, composed of arteries, veins, and capillaries, is essential for embryogenesis
and is required for the production of new functional vasculature in the adult. Elucidating the molecular mechanisms that
orchestrate the differentiation of vascular endothelial cells into arterial and venous cell fates is requisite for regenerative medi-
cine, as the directed formation of perfused vessels is desirable in a myriad of pathological settings, such as in diabetes and fol-
lowing myocardial infarction. Additionally, this knowledge will enhance our understanding and treatment of vascular
anomalies, such as arteriovenous malformations (AVMs). From studies in vertebrate model organisms, such as mouse, zebra-
fish, and chick, a number of key signaling pathways have been elucidated that are required for the establishment and mainte-
nance of arterial and venous fates. These include the Hedgehog, Vascular Endothelial Growth Factor (VEGF), Transforming
Growth Factor-b (TGF-b), Wnt, and Notch signaling pathways. In addition, a variety of transcription factor families acting
downstream of, or in concert with, these signaling networks play vital roles in arteriovenous (AV) specification. These include
Notch and Notch-regulated transcription factors (e.g., HEY and HES), SOX factors, Forkhead factors, b-Catenin, ETS factors, and
COUP-TFII. It is becoming apparent that AV specification is a highly coordinated process that involves the intersection and
carefully orchestrated activity of multiple signaling cascades and transcriptional networks. This review will summarize the
molecular mechanisms that are involved in the acquisition and maintenance of AV fate, and will highlight some of the limita-
tions in our current knowledge of the molecular machinery that directs AV morphogenesis. Developmental Dynamics 244:391–
409, 2015. VC 2015 Wiley Periodicals, Inc.
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Introduction

The cardiovascular system is the first functional organ to form
within the developing vertebrate embryo. A rudimentary vascular
meshwork of endothelial cells (ECs) is lumenized into epithelial
tubes, substantially remodeled through differentiation into speci-
alized subtypes (including arteries, veins, lymphatics and capilla-
ries), undergoes pruning and anastomotic growth, and becomes
stabilized through the recruitment of mural cells to meet the
high-pressure demands of blood flowing from the beating heart.

This endothelial network expands concomitantly with the
increasing size of the growing embryo through sprouting and
proliferation (i.e., angiogenesis) to meet the growing demands of
development. Considering the exquisite orchestration required for
these various processes to occur—sometimes simultaneously—dur-
ing development, and the variety of specialized endothelial sub-
types present within the embryo that are necessary for a
functional vascular network, it is not surprising that a plethora of
signaling pathways act to coordinate the establishment and
maintenance of the vasculature (for reviews on the molecular
mechanisms involved in these processes see: Gaengel et al., 2009;
Iruela-Arispe and Davis, 2009; Herbert and Stainier, 2011; Mar-
celo et al., 2013). Perturbation of any of these nodes can impact
the entire vascular circuit, leading to a failure of normal embryo
development. This review will focus particularly on the signaling
pathways and downstream transcriptional mediators that specify
and maintain the arterial and venous lineages during early
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development, with an emphasis on recent findings in this field.
The relevance of these arteriovenous (AV) specification and
maintenance pathways to human pathologies such as AV malfor-
mations (AVMs) will also be discussed.

Vasculogenesis, Angiogenesis, and
Functional Specialization in
Developmental Time and Space

Subsequent to blood island formation and vascularization of the
extraembryonic yolk sac in the chick and mouse, the first step of
blood vessel formation within the embryo proper is the specifica-
tion of a subset of mesodermal cells that will give rise to
angioblasts (i.e., uncommitted endothelial precursors). Unlike
extraembryonic vascular development, where endothelial precur-
sors differentiate in juxaposition to hematopoietic precursors, or
arise from a common hemangioblast progenitor, the intraem-
bryonic endothelium differentiates from the mesoderm primarily
as individual angioblasts, independently from hematopoietic cells
(although a small region of the DA, known as the hemogenic
endothelium, will generate hematopoietic cells later in develop-
ment) (His, 1900; Sabin, 1920; Cormier et al., 1986; Olah et al.,
1988; Risau and Flamme, 1995; Zape and Zovein, 2011). In
zebrafish, which do not possess an extraembryonic vasculature,
fate mapping studies have demonstrated that at least a subset of
angioblasts share a common progenitor with hematopoietic cells
(Vogeli et al., 2006; Lee et al., 2009; Warga et al., 2009). Differen-
tiation of Vegf receptor 2 (VEGFR2)/Flk1þ angioblasts into ECs,
and their coalescence into the primitive vascular primordia, or
plexus, from embryonic day 7.0 (E7.0) to E8.0 in mice (�6–14
Hamburger Hamilton stage in chick, 6–26 somite-stage in zebra-
fish) typifies the process of vasculogenesis: the de novo aggrega-
tion of mesodermally-derived angioblasts into vascular cords.
The primitive epithelial tubes formed by these ECs “hollow out,”
or lumenize, and ECs will ultimately line the inner surface of all
blood vessels (Gonzalez-Crussi, 1971; Hirakow and Hiruma,
1983; Xu and Cleaver, 2011; Axnick and Lammert, 2012; Char-
pentier and Conlon, 2014). Shortly after formation of the primi-
tive vascular network, a basic circulatory pathway consisting of
the beating heart, a dorsal aorta (DA), a yolk sac plexus, and
sinus venosus/cardiac inflow tract is formed (see Fig. 2). The
question of when this circuit becomes fully functional remains
open to debate, as there are no definitive veins to close the circu-
latory loop until �E10.0 (McGrath et al., 2003), although it has
been theorized that the embryonic veins may not be the only
route for blood return to the heart in the early embryo (Chong
et al., 2011). Thereafter, ECs sprout from the preexisting plexus in
a process known as angiogenesis (Risau, 1997; Adams and Ali-
talo, 2007) and extensive remodeling of the vasculature through
pruning, programmed cell death, proliferation, and intussuscep-
tion occurs (Wacker and Gerhardt, 2011). Embryonic morphogen-
esis and expansion of the vascular network are intimately
coordinated, as all cells must be within close proximity to a func-
tional vascular network to ensure adequate gas exchange,
removal of waste, and delivery of growth factors, hormones, and
other signaling molecules. The failure to establish a functional
vascular system leads to early embryonic lethality (between E8.5
to E10.5 in mice), while the inability to maintain a functioning
cardiovascular system has calamitous consequences later in
development and in adults as organogenesis and tissue homeo-

stasis depend upon the rapid transport of oxygenated blood,
nutrients, hormones, and cells throughout the body (Folkman,
1971; Cleaver and Dor, 2012).

During development, the vasculature becomes highly special-
ized to meet the nutritive and hemodynamic demands of various
tissues. One of the earliest specialization events in the vertebrate
vasculature is the differentiation of ECs into the distinct yet inter-
dependent and connected networks of arterial and venous ves-
sels, and the establishment of a closed circulatory system. As
arteries are forming during development, a network of supporting
pericytes and smooth muscle cells are recruited, which in turn
establish an elaborate bed of extracellular matrix around the ves-
sel. This allows arteries to withstand high arterial pressures and
to modulate blood pressure through changes in vascular tone.
Pericyte and smooth muscle cell coverage is substantially lower
in veins, which are under less pressure and are unable to modu-
late blood pressure through changes in lumenal calibre. The
venous adaptation of valves, which are absent in arteries, ensures
the unidirectional flow of blood and prevents regurgitation back
into the capillaries and arteries. Shortly after establishment of the
primitive vasculature, the heart begins to beat, and blood flows
under high pressure into the large diameter, lumenized arterial
vessels. When the blood reaches the distal portions of the embryo
and arterial network, it flows into smaller diameter arterioles and
capillary beds (where the majority of gas, leukocyte, nutrient, and
waste exchange occurs due to limited pericyte coverage), then
into the venules, and finally deoxygenated blood makes its way
into large diameter veins, which will return the blood to the right
side of the heart for transport to the lungs for reoxygenation. The
formation of anatomically and functionally distinct arteries and
veins (Fig. 1) is required for the establishment of a functional car-
diovascular system, and the molecular mechanisms involved in
this process will be reviewed in detail below (for an excellent
review on the anatomical differences between arteries and veins,
see dela Paz and D’Amore, 2009).

The Where and When of AV Lineage
Specification

In the developing vertebrate embryo, the DA and cardinal vein
(CV) establish the first closed circulatory loop and their formation
has been utilized as a model for studying AV specification and
development. While most of our knowledge regarding the mecha-
nisms of AV specification has been gleaned from this vascular
system, it is important to note that alternate or additional path-
ways may be implicated in the AV specification of other embry-
onic or postnatal vascular beds. In vertebrate embryos (including
chick, zebrafish, and mice) artery and vein morphogenesis occurs
in a step-wise process, with the DA forming prior to the CV (Hira-
kow and Hiruma, 1981; Pardanaud et al. 1987, 1989; Coffin and
Poole, 1988; Weinstein et al., 1995; Fouquet et al., 1997; Drake
and Fleming, 2000; Herbert et al., 2009; Chong et al., 2011; Kohli
et al., 2013). Angioblasts are initially specified in the lateral plate
mesoderm (LPM) during gastrulation (Forde et al., 2002; Tang
et al., 2010). These cells are defined by their cell surface expres-
sion of VEGFR2/Flk1 (Yamaguchi et al., 1993; Choi et al., 1998;
Huber et al., 2004). At the 1-somite stage in mice (�E7.5), bilat-
eral streaks of Flk1þ-angioblasts appear posterior to the cardiac
crescent (Chong et al., 2011). These Flk1þ angioblasts are aortic
precursor cells (aPCs), and they will form the paired dorsal aortae.
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Subsequently, a distinct group of Flk1þ ECs appear adjacent to
the DA (Chong et al., 2011; Meadows et al., 2012), and these scat-
tered ECs coalesce to form the first embryonic veins (Fig. 2). Dye
labeling lineage tracing experiments have suggested that embry-
onic zebrafish arterial and venous endothelial ECs are fated to
these lineages prior to the formation of the DA/CV, and that
angioblasts can only become arterial or venous cells, not both
(Zhong et al., 2001). However, data generated by a transposon-
based clonal analysis of the regenerating adult zebrafish caudal
fin suggest that arterial and venous cells derive from a shared
progenitor (Tu and Johnson, 2011). Intriguingly, data in both
mice and zebrafish suggest that a subset of arterial- and venous-
fated cells may initially occupy a primitive vessel and subse-
quently “sort out” from one another to form distinct dorsal aortae
and cardinal veins (Herbert et al., 2009; Lindskog et al., 2014).
However, while these arterial and venous fated cells may initially
reside in the same initial structure, they rarely, if ever, co-express
arterial and venous markers, and in mice the venous marker-
expressing ECs constitute a minority of the total endothelial pop-
ulation within the DA (Lindskog et al., 2014). The extent to which
these venous-fated cells within the aorta contribute to the cardi-

nal vein in mice remains to be fully established as the initial
study involved limited time-lapse imaging during a short devel-
opmental period, rather than definitive pulse-chase genetic line-
age tracing (Lindskog et al., 2014). Additionally, recent evidence
from Kohli and colleagues has also provided evidence against the
AV sorting model in zebrafish, as they show that the majority of
angioblasts originating within the LPM do not migrate and coa-
lesce to form a single, indistinct axial vessel. Instead, there
appear to be two distinct endothelial populations, both originat-
ing from the LPM (medial and lateral), which migrate sequentially
to the midline and contribute differentially to the DA and CV
(Kohli et al., 2013). Further experiments will be required to defini-
tively resolve the differences in these models. The observed
medial location of arterial progenitor cells and lateral location of
venous progenitor cells in zebrafish is similar to observations
from a detailed time course performed in mice (Chong et al.,
2011), and provides a potential mechanism for the preferential
arterial specification of angioblasts located more proximal, and
for a longer duration, to a source of vascular endothelial growth
factor (VEGF), the major driver of arterial specification (discussed
in detail below).
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Fig. 1. An illustration of the human adult vasculature. Arteries (in red) and veins (in blue) are shown, with a magnified cutaway view of both ves-
sels to illustrate the structural similarities and differences. With the exception of capillaries, all blood vessel branches of the vascular tree contain:
(1) a tunica intima (tunica interna) (in pink), that is lined with endothelial cells, supported by (2) a basement membrane (in yellow). Arteries have (3)
an inner (or internal) elastic lamina (in white), while both arteries and veins contain (4) a tunica media (mottled pink/orange) composed of concen-
tric rings of smooth muscle cells (SMCs) supported by connective tissue, such as collagen fibers. Arteries also have (5) an outer (or external) elas-
tic laminae (in white), while both vessels have (6) a tunica externa (tunica adventitia) (red in arteries, blue in veins). The ECs of arteries are
elongated and are aligned in the direction of blood flow, and are surrounded by multiple layers of SMCs. Veins, however, have rounder ECs that
do not align with flow, lack elastic laminae, and many possess valves that project into the lumen. Note the reduced diameter of the lumen in the
arteries, as well as the presence of valves in the veins.
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Although AV fate is established early during development,
there does appear to be some fate plasticity between these line-
ages. For example, detailed analysis of AV gene expression dur-
ing mouse development has revealed that AV identity in the
earliest arteries and veins is initially ambiguous and becomes
progressively more uniquely arterial or venous as development
progresses (Chong et al., 2011). In addition, it was shown in
chicken-quail chimera grafts that differentiated arterial cells can
contribute to veins (Moyon et al., 2001; Othman-Hassan et al.,
2001). Indeed, arterial cells can later dedifferentiate during the
formation of venous intersomitic vessels in zebrafish (Quillien
et al., 2014). Venous cells are also known to dedifferentiate and
adopt alternate endothelial identities during normal development
(i.e., lymphatic vessels and coronary arteries) (Wigle and Oliver,
1999; Red-Horse et al., 2010). Furthermore, implanting arterial
vessel fragments can produce a fully functional vascular network
including a full complement of arteries, veins, and capillaries in
models of adult neovascularization (Nunes et al., 2011). Genetic
lineage tracing strategies will be required to further probe the
plasticity of arterial and venous cell fates during normal develop-
ment and in postnatal models of neovascularization.

The Importance of Genetic Regulation and
Hemodynamics in the Establishment and
Maintenance of AV Identity

It was initially presumed that the embryonic vasculature that
forms prior to the establishment of blood flow is a network of
homogenous, uniform ECs (Glagov et al., 1988; Stehbens, 1996).
The differential physical properties elicited by carrying blood
away versus towards the heart—such as pressure, shear stress, and
the pH of oxygenated and deoxygenated blood—were believed to

drive uncommitted ECs to adopt an arterial or venous fate,
respectively (Risau, 1997). This model was challenged by the dis-
covery that EphrinB2 (Efnb2) and its cognate receptor EphB4, are
exclusively expressed in arteries and veins, respectively, prior to
blood flow in the developing embryo (Wang et al., 1998; Adams
et al., 1999; Gerety et al., 1999). Deletion of Efnb2 or EphB4
results in AVMs and embryonic lethality in mice, although the
dorsal aortae and cardinal veins are specified normally (Wang
et al., 1998; Adams et al., 1999; Gerety et al., 1999), suggesting
that these genes may be required to maintain the segregation
between arterial and venous vessels. The finding that Efnb2,
EphB4, and several other genes (Chong et al., 2011) are differen-
tially expressed in arteries or veins prior to the establishment of
circulation demonstrated that AV fates are genetically deter-
mined before hemodynamic forces come into play.

It should be noted, however, that experiments in chick embryos
have shown that while blood flow is dispensable for establish-
ment of AV identity, it is required for maintaining AV fate
(Moyon et al., 2001; le Noble et al., 2004). This suggests that a
degree of plasticity exists in early arterial and venous identity.
Indeed, AV gene expression patterns can be reset if blood flow is
reversed in the chick yolk sac (le Noble et al., 2004). Recently,
genetic perturbation of embryonic heart contraction in mice has
also revealed that blood flow is a critical regulator of AV remod-
eling in the embryo proper and in the yolk sac, as loss of cardio-
vascular function can severely alter vessel morphogenesis and
AV gene expression (Chong et al., 2011; Udan et al., 2013).
Importantly, some of the earliest arterial markers, such as Delta-
like 4 (Dll4), are expressed independent of blood flow, suggesting
that maintenance, but not specification, of arterial identity is
dependent on blood flow (Chong et al., 2011). While the exact
role of hemodynamics in blood vessel identity during embryo-
genesis continues to be explored, the seminal discovery of the
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Fig. 2. An illustration of the progressive formation of the first embryonic vessels during vasculogenesis in the developing mouse embryo from
E7.5 through E9.0. A mid- to late-streak embryo is shown on the far left. For clarity, the yolk sac and extraembryonic tissues, rich in Flk1þ cells,
are not shown. The mesoderm, located in the posterior half of the embryo, is depicted as a multicolor wedge, with the embryonic tissue in light
pink and the extraembryonic/embryonic boundary demarcated by a black line. At the 1–2 somite stage, Flk1þ angioblasts (red) begin to align near
the embryonic midline/anterior intestinal portal (yellow), posterior to the endocardial cells (purple) underlying the cardiac crescent (myocardium,
not shown). These aortic progenitor cells (aPCs), formed through vasculogenesis, coalesce to form the first, paired dorsal aortae (which lack a
lumen). Soon thereafter, scattered progenitors of the cardinal vein (blue) appear near the sinus venosus/endocardium (2–3s). The aPCs migrate
anteriorly and posteriorly, while the cells destined to become the CV will continue to migrate laterally. By 5–6 somites, the posterior aortae begin
to lumenize and join the primitive heart tube, and the vitteline veins (blue) have sprouted posteriorly and joined with the horns of the sinus veno-
sus. At 6–8 somites, the cardiac myocardium (not shown), its endocardial lining (purple), and the sinus venosus (white asterisk) are connected. At
9s, the primitive cardiac tube has looped, the heart beats vigorously, and the embryo begins turning. The anterior dorsal aortae and anterior cardi-
nal veins are lumenized, but no smooth muscle/mural cells have been recruited to either vessel. The vitteline vein progressively extends along the
anterior-posterior axis of the embryo, while the dorsal aortae completes a circulatory loop posteriorly. At 12–13 somites, the embryo has turned
and the intervening distance between the paired aortae is reduced. The cords of the vitelline veins extend posteriorly from the sinus venosus,
growing in length. After the embryo completes turning, vitelline veins reach the distal tip of the posterior axis (the tail), and the rudimentary anterior
and posterior cardinal veins are visible. ACV, anterior cardinal vein; AIP, anterior intestinal portal; CC, cardiac crescent; DA, dorsal aortae; E, endo-
cardium; ExE, extraembryonic ectoderm; PCV, posterior cardinal vein; VV, vitelline vein. Adapted from Chong et al. (2011).
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existence of distinct molecular signatures of arterial and venous
endothelium has produced a deluge of follow-up studies that
have expanded our understanding of the molecular mechanisms
controlling AV specification and maintenance during embryo-
genesis (discussed below).

Molecular Regulation of AV Specification

Hedgehog and VEGF Signaling

The current paradigm for acquisition of arterial fate is based on
findings that revealed that Hedgehog (Hh) initiates a complex
series of events involving multiple tissues and signaling networks
that culminate in the establishment of arterial identity. The first
evidence of the involvement of Hh arose from forward genetic
screens in zebrafish. The sonic-you (syu) mutant, named because
of its U-shaped rather than V-shaped somites, was isolated from
a screen for muscle and patterning mutants (Brand et al., 1996;
van Eeden et al., 1996). A screen for cardiovascular mutants by
the same group found that syu mutants also had delayed or
absent circulation (Chen et al., 1996). Intriguingly, syu mutants
displayed abnormal gene expression in the lateral floorplate and
had altered somite development, but possessed a morphologically
normal notochord (which is required for muscle pioneer cell for-
mation). These results suggested that syu was dispensable for
notochord formation, but essential for the transduction of a sig-
nal emanating from the notochord to specify normal floorplate
and somite development (van Eeden et al., 1996). The importance
of these findings and their implications to the syu cardiovascular
phenotype was not initially appreciated.

syu was found to contain a mutation in sonic hedgehog (shh)
(Schauerte et al., 1998), one of three Hedgehog family members
(Shh, Ihh, and Dhh), which serve as ligands for the twelve pass
membrane-bound receptor, Patched (Ptch). In the absence of Hh
binding, Ptch represses the seven pass G-protein-like molecule
Smoothened (Smo). Hh-binding to Ptch relieves this inhibition
and allows for Smo-mediated activation of the transcriptional
mediators of Hh signaling, the GLI1–3 family of transcription
factors (Falkenstein and Vokes, 2014). These initial findings set
the stage for seminal studies that demonstrated that Shh, emanat-
ing from the notochord, induces expression of VEGF, a potent
endothelial cell mitogen, chemoattractant, and morphogen, in a
dorsal to ventral gradient in the somites of the early zebrafish
embryo (Lawson et al., 2001, 2002). shh mutants fail to form a
distinctive DA and CV, and arterial markers are severely downre-
gulated, while in contrast shh over-expression induces ectopic
arterial marker expression (Lawson et al., 2002). Work in other
vertebrate systems also found that Hh signaling, originating from
the endoderm and neural tube, was required for DA formation
and arterial specification in the developing frog, chick, and
mouse embryo (Byrd et al., 2002; Vokes and Krieg, 2002; Vokes
et al., 2004; Coultas et al., 2010). The effects of Hh on arterial
specification are predominantly dependent on VEGF induction,
although VEGF-independent effects have also been noted
(Coultas et al., 2010; Wilkinson et al., 2012).

The Vegf gene (also known as Vegf-A, or vascular permeability
factor) is alternatively spliced to generate three protein isoforms
in mice: VEGF120, VEGF164, VEGF188 (the nomenclature is
based on the number of amino acids), which each have distinct
heparin-binding capacities, diffusion kinetics, and expression
patterns (Shima et al., 1996). Loss of even one copy of Vegf in

mice results in embryonic lethality due to severe vascular defects
(Carmeliet et al., 1996; Ferrara et al., 1996). Similarly, homozy-
gous deletion of Vegfr2/Flk1, which encodes for the main signal-
ing receptor for VEGF, also results in profound defects in
vasculogenesis (Shalaby et al., 1995). However, in contrast to the
mouse, zebrafish knock-down of vegf does not affect vasculogen-
esis but results in severe defects in angiogenesis (Nasevicius
et al., 2000) and arterial specification (Lawson et al., 2002). Ele-
gant studies in which mice were engineered to express only one
VEGF isoform revealed that while VEGF164 alone was sufficient
for venular and arteriolar development in the postnatal retina,
VEGF188 alone allowed for venular but not arteriolar develop-
ment, and VEGF120 alone was insufficient for either venular or
arteriolar development (Stalmans et al., 2002), suggesting that
VEGF164 directs arterial specification. However, it should be
noted that over-expression of vegf121 or vegf165 mRNA in
zebrafish embryos deficient in Shh signaling can rescue the
expression of arterial markers (Lawson et al., 2002). However, the
similarity in Vegf121 and Vegf165’s ability to rescue arterial
specification defects in an Hh-deficient background may be
attributable to the fact that global over-expression negates the
differences in diffusion of these two isoforms. Regardless, these
data have solidly placed VEGF downstream of Hh signaling in
the arterial specification cascade.

The transcriptional pathways activated downstream of VEGF
that initiate arterial specification are still being uncovered
(Fig. 3), and recent findings show that ETS factors are activated
by VEGF signaling to initiate expression of Dll4, the earliest
marker of arterial ECs (Wythe et al., 2013) (see ETS Factors sec-
tion below). However, to date, the best-characterized VEGF-
dependent transcriptional pathway is Notch. Hh/VEGF signaling
leads to the expression and activation of Notch signaling path-
way components exclusively in the arterial endothelium (Lawson
et al., 2001, 2002; Vokes et al., 2004).

Notch Signaling

The Notch family of receptors, consisting of four family members
(NOTCH1–4 in mice and humans, Notch1a, 1b, 2, and 3 in zebra-
fish) encode large, well-conserved single-pass type I transmem-
brane proteins (for an excellent review on the biochemistry and
regulation of Notch signaling, see Kopan and Ilagan, 2009). In
the absence of Notch ligands, the DNA-binding protein Recombi-
nation signal-Binding Protein for immunoglobulin-k J region
(RBPJk) (also known as CSL/CBF1/Su(H)/Lag-1) binds to Notch
target genes in the nucleus and suppresses their transcription
through the recruitment of co-repressor proteins. Following
ligand binding, the Notch receptor is cleaved first extracellularly
by ADAM proteases and then it is cleaved intracellularly by g-
secretase, whereupon the cleaved Notch intracellular domain
(NICD) is free to translocate to the nucleus and interact with
RBPJk. This facilitates association with the co-activator Master-
mind, which in turn recruits the MED8 mediator transcriptional
activation complex, allowing induction of Notch target genes
(Kovall, 2008).

A large body of evidence has firmly established the Notch
pathway as a critical determinant of arterial fate. Notch activity
is high in angioblasts that are fated to the arterial lineage, even
prior to their coalescence into the DA, and remains high in the
arterial endothelium throughout development in the zebrafish
(Quillien et al., 2014). Perturbing Notch signaling through the
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expression of a dominant negative Su(H) or deletion of mind-
bomb1 (mib1) (which is required for Notch signal transduction)
blocks arterial specification and enhances venous specification in
zebrafish embryos, and this is associated with the formation of
AVMs (Lawson et al., 2001). Similarly, deletion of Rbpjk from
ECs during mouse embryogenesis, and in the adult, leads to arte-
rial specification defects, AVMs, and embryonic lethality (Krebs
et al., 2004; Nielsen et al., 2014). Notch activation fails to occur
in the DA of zebrafish embryos lacking VEGF signaling. How-
ever, over-expression of the NICD in these embryos can restore
arterial specification, implicating Notch as a downstream media-
tor of VEGF-dependent arterial specification (Lawson et al.,
2002). Importantly, mice in which Notch activity is over-
expressed in all ECs have arterialized veins, resulting in severe
AVMs and lethality (Kim et al., 2008).

Of the Notch receptors, NOTCH1 and NOTCH4 are specifically
expressed in the arterial endothelium in mice (Reaume et al.,
1992; del Amo et al., 1993; Uyttendaele et al., 1996; Shirayoshi
et al., 1997; Krebs et al., 2000) and Notch1a, Notch1b, and
Notch3 are arterial-enriched in zebrafish (Lawson et al., 2001).

While ablation of Notch4 does not induce lethality, Notch1 loss
of function is embryonic lethal with vascular remodeling defects,
including collapsed dorsal aortas, and compound Notch1/4 loss
of function is even more severe, suggesting potential redundancy
(Swiatek et al., 1994; Krebs et al., 2000). Recent work in zebrafish
has shown that combinations of notch1a, notch1b, and notch3
loss-of-function also elicit defects in arterial specification, sug-
gesting that functional redundancy exists in the zebrafish as well
(Quillien et al., 2014). Expression of several of the Notch ligands,
including JAG1, JAG2, and DLL4 are enriched in the arterial
endothelium (Shutter et al., 2000; Villa et al., 2001). While, Jag1
global null mice die from vascular defects (Xue et al., 1999), EC-
specific deletion of Jag1 does not affect arterial specification
(High et al., 2008). In contrast, loss of even one copy of Dll4 leads
to a failure to correctly specify the arterial lineage and is embry-
onic lethal (Duarte, 2004; Gale et al., 2004; Krebs et al., 2004). In
zebrafish, embryos lacking dll4 have normal arterial specifica-
tion, but knock-down of dll4 in a deltaC mutant background (del-
taC, a delta ligand family member that does not appear to have a
orthologue in mice or humans) results in loss of arterial markers
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Fig. 3. Molecular signaling pathways of AV specification in the vertebrate embryo. Notochord- and floor plate-secreted Sonic hedgehog (Shh)
induces expression of the mitogen Vascular Endothelial Growth Factor (VEGF) in the somites, notochord, and floorplate. VEGF activates Flk1þ

angioblasts in the lateral plate mesoderm (LPM). Within an arterial-fated angioblast, or arterial progenitor cell (aPC) (red), the VEGF ligand interacts
with a VEGF receptor complex consisting of VEGF Receptor 2 (Vegfr2) and neuropilin 1 (NP-1), inducing Phospholipase C g �1 (PLCg-1) activity,
stimulating the MEK/ERK kinase cascade. ERK signaling can induce expression of multiple genes in the Notch pathway, including the ligand Dll4
and the receptor, Notch4. This VEGF-MAPK activation appears to be dependent upon the activity of ETS transcription factors (TFs), such as ERG.
VEGF signaling leads to Dll4-mediated activation of the Notch receptor(s). The Notch intracellular domain (NICD), in cooperation with its transcrip-
tional co-factor RBPJk, amplifies Dll4 expression via a positive-feedback loop. Additionally, NICD/RBPJK activity induces expression of other arte-
rial markers, such as ephrin B2 (efnb2) and Hes/Hey transcription factors, which repress the venous marker, EphB4. Canonical Wnt/B-catenin
signaling, potentially by regulating Sox17, as well as FoxC1/C2, are postulated to regulate Dll4 and Notch expression in arterial cells. Collectively,
these pathways combine to ensure the acquisition and maintenance of an arterial fate. In a venous-fated angioblast (blue), the chromatin remod-
eler BRG1 functions upstream of chicken ovalbumin upstream promoter transcription factor II (COUP-TFII/n2rf2), which in turn directly suppresses
expression of Notch (in mice only), as well as the VEGF co-receptor, NP-1, attenuating Vegf signaling (and thus downstream Notch activation).
This inhibition, along with potentially lower levels of VEGF signaling, may lead to preferential activation of PI3K-AKT signaling, which has been
shown to directly antagonize ERK activity. In zebrafish, SoxF members (Sox7/18) induce nr2f2 expression. Interactions that have been confirmed
in zebrafish, but not in mice, are indicated by question marks, as are interactions with unknown mediators. RAF (MAP3K), the Ras-activated ser-
ine/threonine kinase; MEK (MAP2K), mitogen-activated protein kinase kinase; ERK (MAPK), extracellular signal-regulated kinase; PKC, protein
kinase C; FZD, the Frizzled receptor for Wnt; LRP5/6, the Wnt Co-receptor; TCF, the b-catenin transcriptional co-factor. This figure was adapted
from a model originally presented by Lamont and Childs (2006) and expounded upon by Lin et al. (2007).
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and arteriovenous shunts (Quillien et al., 2014). In addition to the
arterial defects that are observed in Notch ligand and receptor
mutants, genetic deletion of downstream Notch-regulated tran-
scription factors also results in arterial specification defects. For
example, mice with combined loss of Hey1 and Hey2 have AV
specification defects (Fischer et al., 2004; Kokubo et al., 2005),
and zebrafish gridlock mutants (which have a mutation in the
hey2 homolog) have reduced artery marker expression, expanded
venous markers, and develop AVMs (Weinstein et al., 1995;
Zhong et al., 2000, 2001). Despite the importance of the Notch
signaling pathway in driving arterial specification, the down-
stream genes regulated by Notch, including those regulated by
Hey1/2, remain poorly understood. For example, Efnb2 is known
to be a direct Notch target gene (Grego-Bessa et al., 2007), but
much remains to be learned regarding the transcriptional network
that lies downstream of Notch activation.

The transcriptional pathways downstream of VEGF signaling
that initiate Notch activation in the arterial endothelium are also
poorly understood. During mouse development, Dll4 is the ear-
liest Notch signaling component expressed in arterial endothelial
precursors. Dll4 mRNA is detected in the forming dorsal aortae as
early as E8.0 (Chong et al., 2011). Expression of Dll4 precedes
that of other canonical arterial markers, such as Efnb2 and Con-
nexin 40 (Chong et al., 2011). Although Dll4 expression can be
regulated by a Notch feed-forward loop in vitro (Caolo et al.,
2010), it appears unlikely that the initiation of Dll4 expression is
Notch-dependent during development since the expression of
Dll4 precedes that of its receptors Notch1/4, which are not
expressed until �E8.25 (Chong et al., 2011). In addition, despite
severe defects in arterial specification in compound Notch1;-
Notch4 null mice and Mib1 mutant mice, Dll4 expression is still
detectable (Krebs et al., 2000; Koo et al., 2005). Additionally,
despite the presence of a well-conserved Rbpjk binding site
within a highly conserved VEGF-dependent, arterial-specific Dll4
enhancer, the initiation of enhancer activity is independent of
Notch signaling in mouse embryos (Wythe et al., 2013). In agree-
ment with these results, rbpjk morpholino-mediated gene knock-
down in zebrafish affects the maintenance, but not the initiation,
of Dll4 enhancer activity in the DA (Wythe et al., 2013). This sug-
gests that Notch activity may be required for the maintenance of

Dll4 expression, but not its initiation. In support of this notion,
in situ hybridization for Dll4 mRNA in global Rbpjk-/- embryos
revealed that Dll4 mRNA, albeit at reduced levels, was still
detected in the DA at E8.5 (Wythe et al., 2013). Further character-
ization of this arterial enhancer revealed that the transcriptional
activity of ETS factors, such as ERG, are activated by VEGF sig-
naling and contribute to the induction of Dll4 transcription in
the early embryo (Wythe et al., 2013) (discussed in detail below).
This ERG-dependent pathway also regulates the expression of
NOTCH4, but not NOTCH1 in cultured ECs, and zebrafish
embryos with reduced levels of ETS factors have decreased Notch
activity in the DA (Wythe et al., 2013). This recent work has
uncovered a new layer of regulation in arterial specification that
acts downstream of VEGF and upstream of Notch induction.

ETS Factors

More than a dozen E26 transformation-specific (ETS) transcrip-
tion factors are expressed in the endothelium during vascular
development (Liu and Patient, 2008). This family of transcription
factors bind to a 5’-GGA(A/T)�3’ core sequence through their
highly conserved �85 amino acid ETS DNA-binding domain
(DBD). The expression of several of these factors (particularly
ETV2/Er71, FLI1, and ERG) are enriched within the endothelium
(Hollenhorst et al., 2004; Liu and Patient, 2008), and have been
implicated in controlling various aspects of vascular development
(reviewed in Meadows et al., 2011). Of particular note, Etv2 is
expressed transiently in vascular progenitors, and its expression
is rapidly down-regulated as blood vessels mature (Lee et al.,
2008). Loss of Etv2 function in mice abolishes early endothelial
cell specification (Lee et al., 2008) and zebrafish embryos defi-
cient in etsrp (the homolog of Etv2) have drastically reduced
numbers of ECs (Sumanas and Lin, 2006). In contrast, etsrp GOF
expands the endothelial lineage (Sumanas and Lin, 2006) and a
transcription factor cocktail including ETV2 can reprogram
mature amniotic cells into ECs (Ginsberg et al., 2012), suggesting
that ETV2/Etsrp may serve as a master regulator of endothelial
cell fate. In contrast to ETV2’s transient expression, ERG tran-
scripts are present in ECs throughout development (Vlaeminck-
Guillem et al., 2000). Mice deficient in EC-specific Erg isoforms
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TABLE 1. A List of Genes That Are Mutated in AVM Patients, and the Corresponding Human Syndrome Are

Shown

Gene Encodes Mutations Syndrome Reference(s)

RASA1 p120RasGAP Loss of function
>40 mutations

Parkes Weber Syndrome,
Capillary Malformation-AVM
(CM-AVM)

Eerola et al. (2003)
Revencu et al. (2008)

ENG Endoglin Loss of function HHT1 McAllister et al. (1994)
Shovlin et al. (1997)

ACVRL1 ALK1 Loss of function HHT2 Johnson et al. (1996)
BMP9 BMP9 Missense HHT Overlap Wooderchak-Donahue

et al. (2013)
SMAD4 SMAD4 Loss of function JP/ HHT Gallione et al. (2004)
BMPR2 BMPR2 Loss of function PAH/ AVM (HHT) Rigelsky et al. (2008)

Raimondi et al. (2013)
Handa et al. (2014)

JP, juvenile polyposis; PAH, pulmonary arterial hypertension
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complete vasculogenesis normally, but subsequently have defec-
tive angiogenesis, vascular remodeling, and vascular integrity
(Vijayaraj et al., 2012). An independently-derived Erg knock-out,
which targeted an exon of a transcript that appears to be predom-
inantly expressed in non-ECs, also results in some vascular integ-
rity defects during development, but these are not as severe as
the deletion of EC-specific Erg isoforms (Lathen et al., 2014).
Functional redundancy among ETS factors has been noted in sev-
eral studies, suggesting that ETS factors generally have combina-
torial functions in ECs during vascular development. For
example, deletion of both Ets1 and Ets2 results in vascular
branching defects during mouse development, while deletion of
the individual genes does not result in vascular defects (Wei
et al., 2009). Experiments in zebrafish have also noted that com-
binatorial knock-down of erg and fli1a (Liu and Patient, 2008) or
etsrp, fli1a, fli1b, and ets1 (Pham et al., 2007) produces a more
severe vascular phenotype than knock-down of any one factor
alone. Taken together, these findings suggest that EC-enriched
ETS factors collectively coordinate vascular specification and
development. Considering the widespread presence of GGA(A/T)
motifs throughout the genome, how diverse members of the ETS
family bind and regulate their common and/or specific target
genes in ECs during vascular development remains poorly under-
stood (Wei et al., 2010).

As mentioned above, characterization of enhancer elements in
the Dll4 gene locus identified an arterial EC-specific enhancer
within intron 3 of Dll4 that contains several highly conserved
ETS elements (Sacilotto et al., 2013; Wythe et al., 2013). An addi-
tional enhancer 12 kb upstream of the Dll4 transcriptional start-
site also contains multiple ETS elements (Sacilotto et al., 2013).
The ETS1-DBD binds to several of these ETS sites in intron 3 as
assessed by in vitro electrophoretic mobility shift assays, and
deletion of just one of these ETS sites (which is contained within
the minimal 36-bp enhancer) abolishes EC activity of this Dll4
enhancer in vivo (Wythe et al., 2013). Notably, over-expression
of ETV2 or ERG induces Dll4 expression in vitro, while knock-
down of erg and fli1a represses enhancer activity in zebrafish
embryos, and deletion of Erg in mouse embryos reduces, but does
not extinguish, endogenous Dll4 expression in the DA (Wythe
et al., 2013). In sum, these data illustrate the involvement of the
ETS transcription factor family, particularly ERG, in regulating
arterial Dll4 expression. It is important to note, however, that
while mouse embryos devoid of Erg display decreased expression
of Dll4, demonstrating the importance of this ETS factor in arte-
rial gene expression, these embryos do not develop arteriovenous
shunts, which are typical of major defects in AV specification.
This suggests that redundancy among ETS factors (Pham et al.,
2007; Liu and Patient, 2008), or contributions from other tran-
scription factor pathways (discussed below), may compensate for
the loss of Erg. This should be further assessed using compound
ETS mutant animals and by determining whether ETS factors act
in concert with other transcription factor families.

In addition to being EC-enriched, the activity of this Dll4
enhancer is also highly sensitive to VEGF signaling, as is the
endogenous Dll4 gene (Wythe et al., 2013). This VEGF respon-
siveness likely contributes to the arterial enrichment Dll4, since
VEGF signaling is thought to be particularly robust in the arterial
endothelium due to its proximity to the somitic source of VEGF
(Lawson et al., 2002). The preferential expression of Neuropilin-1
(NRP1, NP-1), a co-receptor for VEGF that facilitates the endocy-
tosis and activation of VEGF receptors (Lanahan et al., 2013), in

arterial versus venous cells (Herzog et al., 2001), may also facili-
tate elevated VEGF signaling within early arterial ECs. The tran-
scriptional mechanisms controlling VEGF-mediated gene
regulation are still poorly understood. Importantly, induction of
Dll4 enhancer activity in response to VEGF stimulation is largely
dependent on a single conserved ETS site in the enhancer and
over-expression of ERG can partially rescue reduced Dll4 expres-
sion in zebrafish embryos lacking VEGF signaling (Wythe et al.,
2013). Although ETS factors are not preferentially enriched in the
arterial endothelium, data suggests that VEGF signaling (which is
particularly high in arterial ECs) enhances the binding of ERG
(and possibly other ETS factors) to the Dll4 enhancer. In support
of this model, global over-expression of Vegfa121/165 mRNA aug-
ments Dll4 enhancer activity in the artery and expands its
expression domain to encompass the vein, and this is inhibited
by antagonizing Erg and Fli1a function (Wythe et al., 2013). The
mechanism(s) responsible for VEGF-induced ETS factor binding
are not yet known, but may involve phosphorylation, as the DNA
binding and transcriptional activity of ETS family members is
influenced by phosphorylation (discussed in detail below). This
VEGF/ETS signaling module also regulates the expression of the
Notch receptor, NOTCH4, in vitro, and appears to act upstream of
Notch activation in arterial ECs in vivo (Wythe et al., 2013). This
recent work has illuminated a novel transcriptional network that
lies between the receipt of VEGF stimulation and the induction of
active Notch signaling in the endothelium (Fig. 3), a key step in
arterial specification.

Opposing Roles of Mitogen-Activated Protein Kinase
(MAPK) and Phosphoinositide 3-Kinase (PI3K) Signaling
During Arterial Specification

Several signaling cascades are activated downstream of the VEGF
receptor that influence arterial cell-fate decisions (Hong et al.,
2008). For example, the phospholipase Cg (PLCg) pathway was
identified in random mutagenesis screens as a key signaling
mediator downstream of VEGF receptors for artery specification
in zebrafish (Lawson et al., 2003; Covassin et al., 2009). However,
deletion of Plcg1 in mice results in severe defects in vasculogene-
sis, precluding analysis of this pathway in arterial specification
(Liao et al., 2002). Additional arterial-specification pathways
have been defined through chemical genetic screening
approaches in zebrafish, where small molecules were identified
that could rescue the arterial specification defect in gridlock
mutant zebrafish embryos (Peterson et al., 2004; Hong et al.,
2006). These small molecules either enhance VEGF expression
(Peterson et al., 2004) or inhibit PI3K/AKT signaling (Hong et al.,
2006). Further characterization revealed that PI3K/AKT signaling
inhibits, whereas MAPK/ERK signaling promotes the arterial
specification of angioblasts (Hong et al., 2006). Interestingly,
phosphorylated ERK (a mark of active MAPK signaling) is
enriched in the forming DA in zebrafish embryos, and this is
dependent on the presence of active VEGF signaling (Hong et al.,
2006; Rost and Sumanas, 2014). This preferential activation of
the MAPK pathway in arteries has also been observed in mouse
embryos (Corson et al., 2003). The arterial-enriched activation of
MAPK appears to be lost at later stages of vascular development
in zebrafish (after the establishment of blood flow) (Hong et al.,
2006, 2008), suggesting that MAPK activation may be a specifi-
cation, rather than a maintenance signal. Importantly, expression

D
E

V
E

L
O

P
M

E
N

T
A

L
 D

Y
N

A
M

IC
S

398 FISH AND WYTHE



of constitutively active MEK (which acts upstream of ERK) or
treatment with drugs that can activate MAPK signaling, can res-
cue AV segregation defects in zebrafish embryos lacking vegfa,
suggesting that MAPK activation can promote arterial lineage
specification (Kim et al., 2013).

Several additional findings have provided further evidence that
MAPK/ERK signaling promotes arterial fate. An important but
poorly understood mechanism of new vessel formation is arterio-
genesis. This is particularly crucial in re-establishing functional
vasculature following vessel occlusion. In response to occlusion,
existing capillary networks become arterialized (i.e., increase in
lumenal diameter and recruitment of mural cells) to form collat-
eral vessels (Mac Gabhann and Peirce, 2010), in a VEGF-
dependent manner (Lloyd et al., 2005). Several studies have
revealed that MAPK/ERK participates in this process. The cyto-
plasmic domain of NRP1, together with the scaffold protein, Syn-
ectin, are required for endocytosis of VEGFR2 and rapid transit
through a phosphatase-enriched region, facilitating down-stream
VEGF signaling, particularly the MAPK/ERK pathway (Lanahan
et al., 2010, 2013). In mice lacking the cytoplasmic domain of
NRP1 (Lanahan et al., 2013), or Synectin (Lanahan et al., 2010;
Moraes et al., 2013), MAPK/ERK signaling is reduced and arterio-
genesis in response to vessel occlusion is greatly impaired. Inter-
estingly, mice lacking the cytoplasmic domain of NRP1 also have
moderate AV specification defects, since their arteries and veins
cross each other at an abnormally high rate, and these cross-over
vessels share a collagen sleeve (Fantin et al., 2011). These mice
also have smaller arterial lumens (Lanahan et al., 2013). Zebrafish
lacking Synectin have arterial defects as well, but retain normal
venous development (Chittenden et al., 2006). The DA is hypo-
plastic, which is due to defective migration and proliferation of
arterial-fated angioblasts, and arterial intersomitic vessels are
also poorly developed (Chittenden et al., 2006). Taken together,
this data implicate MAPK/ERK signaling in the development of
arterial vessels, both during development and in response to
occlusive events postnatally. However, it should be noted that the
above studies with mice defective in MAPK/ERK signaling, and
our own studies using MAPK inhibitors in zebrafish (Wythe et al.,
2013), have not observed the formation of AVMs, suggesting that
MAPK/ERK may modulate, but may not be absolutely required
for artery specification. The cell-autonomy of MAPK/ERK signal-
ing in the arterial endothelium during development has also not
been directly tested.

Antagonism between PI3K and MAPK signaling down-stream
of VEGF or other receptors has been well documented (Rommel
et al., 1999; Zimmermann and Moelling, 1999; Blum et al., 2001;
Ren et al., 2010). At the molecular level, AKT phosphorylates ser-
ine 259 on RAF1, a critical upstream kinase in the MAPK/ERK
pathway. Phosphorylation of this residue leads to recruitment of
14-3-3 proteins, which inactivate RAF1 (Zimmermann and Moel-
ling, 1999). Therefore, inhibition of PI3K/AKT signaling enhances
MAPK/ERK signaling. This likely explains why inhibition of PI3K
can rescue gridlock mutants (Hong et al., 2008). Interestingly,
arteriogenic defects in Synectin mutants can also be rescued by
inhibition of PI3K/AKT signaling (via deletion of Akt1) or by
over-expression of constitutively active ERK (Ren et al., 2010).
This antagonism between PI3K and MAPK has been further inter-
rogated in recent studies in which wild-type or a phosphorylation
mutant form of RAF1 (Ser259Ala) (which is not inhibited by AKT
activity) were over-expressed in ECs in culture or during mouse
embryonic development (Deng et al., 2013). While wild-type

RAF1 modestly enhances arterial gene expression in human
umbilical vein ECs (HUVECs) (presumably because of AKT-
dependent restraint of RAF1 activity), the AKT-resistant S259A
RAF1 induces almost the entire arterial gene program, including
expression of EFNB2, NRP1, DLL4, NOTCH4, HEY1/2, HES1/2,
and suppression of COUP-TFII mRNA (Deng et al., 2013). Inter-
estingly, Deng et al. demonstrate that activation of nuclear rather
than cytoplasmic ERK drives the arterial program, suggesting a
direct role for ERK in arterial gene transcription, and placing
MAPK/ERK signaling upstream of Notch activation (Deng et al.,
2013). While there are severe defects in the yolk sac vasculature
of S259A RAF1 mice, the axial vessels in the embryo itself are
morphologically normal at early stages of development. Interest-
ingly, arteries and veins are spaced further apart in S259A RAF1
embryos (Deng et al., 2013), which contrasts with the phenotype
in NRP1 cytoplasmic deletion mutants (Fantin et al., 2011), as
would be expected based on their opposing effects on MAPK/ERK
activation.

Since both MAPK and PI3K pathways are activated down-
stream of the VEGF receptor, exactly why MAPK signaling is
preferentially activated (as opposed to the PI3K pathway) in the
early artery, and how MAPK drives VEGF-dependent arterial for-
mation remain intriguing questions. VEGF concentration, as one
would expect for a true morphogen, is known to have a major
effect on AV specification (Lawson et al., 2002). For example,
low concentrations of VEGF promote venous cell fate in an
embryonic stem cell differentiation model, while high concentra-
tions of VEGF drive an arterial fate (Lanner et al., 2007). Like-
wise, in zebrafish embryos vegfa knock-down diminishes arterial
makers, whereas over-expression of VEGF throughout the
embryo enhances arterial markers in both arteries and veins
(Lawson et al., 2002). Additionally, the MAPK pathway and
downstream transcription factors are activated by VEGF in a
dose-dependent, graded manner in vitro serving as a "rheostat"
of pathway activation, whereas the PI3K signaling pathway
appears to be activated in a binary fashion (i.e., either on or off),
independent of VEGF concentration (Akeson et al., 2010). Thus,
the preferential activation of signaling in the developing artery
due to higher concentrations of VEGF may drive MAPK signaling
(rather than PI3K signaling) to establish the arterial fate. Consid-
ering that arterial ECs in mouse embryos are present at least half
a day, or more, before venous cells (Chong et al., 2011), and are
located closer to the source of VEGF (Kohli et al., 2013), they
likely receive an elevated exposure to VEGF, promoting their
arterial identity.

Recent work has provided some insight into how the MAPK
pathway may regulate arterial fate. The arterial-specific enhancer
that was identified in Dll4 is positively regulated by MAPK activ-
ity, while it is negatively regulated by PI3K (Wythe et al., 2013).
Interestingly, MAPK signaling promotes the binding of ERG to
both a Dll4 enhancer and to an ETS motif-rich region in a puta-
tive enhancer of NOTCH4 in vitro. Inhibition of MAPK signaling
reduces the expression of Notch-regulated genes in cultured arte-
rial cells and in zebrafish embryos, suggesting that MAPK/ERK
and ETS factors (such as ERG) may lie upstream of Notch activa-
tion. The mechanism by which MAPK signaling affects ETS factor
activity is not known, but studies in other systems have demon-
strated that MAPK/ERK can phosphorylate ETS factors to influ-
ence their DNA binding and transcriptional activity. For example,
the Ras/MAPK/ERK pathway is known to promote phosphoryla-
tion of ETS1 and ETS2 (Yang et al., 1996; Petrovic et al., 2003),
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as well as the ETS family member ELK1 (Yang et al., 1998a,b), to
induce their transcriptional activity. While the effect of VEGF
signaling on ETS phosphorylation is not known, ERG is known to
be phosphorylated down-stream of MAPK activation in other
contexts (Murakami et al., 1993; Zhang and Watson, 2005). Fur-
ther studies will be required to elucidate the mechanisms of ETS
activation by VEGF/MAPK signaling and their requirement in
artery specification and maintenance.

Other Transcription Factor Families
Implicated in AV Specification

FOXC1/C2

The forkhead box/winged helix transcription factors, FOXC1 and
FOXC2, can synergize with ETS factors to direct EC-specific
expression of several genes via FOX:ETS motifs (De Val et al.,
2008). Additionally, FOXC1/C2 directly activates the promoter
regions of DLL4 and HEY2 (Hayashi and Kume, 2008), and
FOXC1/C2 over-expression promotes DLL4, NOTCH1/4, and
HEY2 transcription in vitro (Seo et al., 2006; Surendran et al.,
2014). Furthermore, compound loss of Foxc1/c2 in vivo leads to
loss of arterial gene expression (including Dll4), AV fusions, and
lethality (Kume et al., 2001; Seo et al., 2006). However, the phe-
notype of Foxc1-/-; Foxc2-/- embryos is complicated by the fact
that these embryos lack somites 1–8 at E8.5 (Kume et al., 2001;
Seo et al., 2006), and the somites are a crucial source of Hh-
induced VEGF, a prerequisite for artery specification (Coultas
et al., 2010). The use of endothelial-specific loss-of-function mice
would provide crucial information regarding the endothelial cell-
autonomous roles of FOXC1/C2 in arterial specification. Related
to the regulation of the arterial-specific expression of Dll4 by
FOXC1/C2, recent work has revealed that the proximal promoter
of Dll4, which contains the putative FOXC1/C2 regulatory region,
is insufficient to direct arterial gene expression in vivo (Sacilotto
et al., 2013; Wythe et al., 2013). Thus, additional studies are
required to fully understand the role of FOXC1/C2 in controlling
Dll4 expression and arterial specification in vivo.

Wnt/b-Catenin Signaling

Recent studies have suggested that canonical Wnt signaling
(through activation of b-catenin and TCF/LEF) can also regulate
arterial specification (Corada et al., 2010). In the absence of a
Wnt ligand, b-catenin is degraded via the ubiquitin-proteasome
pathway (Aberle et al., 1997). However, upon Wnt binding to the
Frizzled receptor, formation of the destruction complex is inhib-
ited and b-catenin accumulates in the cytoplasm, translocates to
the nucleus, and activates target genes by providing the transac-
tivation domain for the TCF/LEF transcription factor family
(Clevers, 2006). Using a Wnt transgenic reporter line (BAT-gal),
Corada et al. observed that canonical Wnt signaling is active in
the early arterial endothelium (E9.5) (Corada et al., 2010). How-
ever, using the same transgenic Wnt reporter line, as well as two
additional, more biologically relevant reporter lines [a transgenic
line with the murine Axin promoter driving destabilized GFP
(Axin::d2EGFP) and a knock-in reporter line (Axinnls-lacZ/1)], we
failed to detect abundant canonical Wnt signaling in the endo-
thelium of the early DA at E8.5 or E9.5 (Wythe et al., 2013). In
addition, another group has observed robust BAT-gal reporter
activity in umbilical cord and yolk sac veins rather than yolk sac

arteries at E10.5 (Davis et al., 2013). Furthermore, b-catenin
(Ctnnb1) EC-specific loss-of-function mouse embryos (ECKO) do
not have obvious defects in dorsal aortae formation and do not
develop AVMs (Cattelino et al., 2003; Engert et al., 2013; Wythe
et al., 2013). Moreover, these embryos have normal expression
levels and localization of Dll4 mRNA at E9.5 (Wythe et al., 2013),
and AV specification of the extraembryonic vessels is also unaf-
fected (Davis et al., 2013). Nevertheless, b-catenin gain-of-func-
tion in ECs can cause arterial defects, including the loss of
venous marker expression, the arterialization of veins, and for-
mation of AVMs (Corada et al., 2010). The mechanistic explana-
tion of this phenotype was attributed to b-catenin activity at the
promoter of Dll4. Indeed, other studies have shown that b-
catenin and Notch converge to activate Dll4 expression in vitro
(Yamamizu et al., 2010). However, we and others have found that
this putative upstream b-catenin/TCF/LEF regulatory region in
the proximal promoter of Dll4 does not have activity within the
endothelium in vivo, suggesting that this region is not sufficient
for the arterial-specific expression of Dll4 (Sacilotto et al., 2013;
Wythe et al., 2013). Collectively, these findings demonstrate that
while genetic stabilization of b-catenin in ECs can promote the
arterial fate, endogenous b-catenin does not appear to be
required for arterial specification during early embryogenesis.

SoxF Factors

The more than 20 members of the SRY-related High Mobility
Group (HMG) Box (Sox) transcription factor family are united by
the presence of a HMG domain that recognizes the heptameric
consensus DNA sequence 5’-(A/T)(A/T)CCA(A/T)G-3’. Sox factors
control a myriad of developmental and pathological processes,
from endodermal development to hematopoiesis (Lefebvre et al.,
2007). In particular, members of the SoxF subgroup (Sox7, 17,
and 18) regulate a host of endothelial functions (Herpers et al.,
2008; Pendeville et al., 2008; Cermenati et al., 2008, 2013; Duong
et al., 2014). At E8.5 the expression of Sox7 and 18, but not
Sox17, can be detected in the murine dorsal aortae, and by E9.5,
Sox7, 17, and 18 are all present in the dorsal aortae (Matsui
et al., 2006). These SoxF factors continue to be enriched in the
endothelium at later stages of development (Matsui et al., 2006).
While experiments in zebrafish have shown that sox7 and sox18
are expressed in both the DA and CV (Swift et al., 2014), studies
have demonstrated that Sox17 becomes arterial-enriched in mice
(Pennisi et al., 2000b; Matsui et al., 2006; Corada et al., 2013).
Sox7 and 17 are also expressed in, and required for, early endo-
derm development in vertebrates (Kanai-Azuma et al., 2002;
Engert et al., 2013). Interestingly, Hh and VEGF expression are
enriched in the endoderm of both mice and chicken embryos, and
the endoderm is required for artery specification in the chick
(Vokes and Krieg, 2002), but not in the zebrafish (Brown et al.,
2000; Jin et al., 2005). Homozygous loss of Sox7 is embryonic
lethal around E10.5, with a failure in yolk sac vascular remodel-
ing (Wat et al., 2012), while global loss of Sox17 also results in
early embryonic lethality (Kanai-Azuma et al., 2002), and dele-
tion of Sox17 specifically in the endothelium during development
produces lethal vascular remodeling and angiogenesis defects
(Kim et al., 2007; Corada et al., 2013; Lee et al., 2014). Although
Sox18 null mice are viable and fertile, with no detectable cardio-
vascular defects (Pennisi et al., 2000a), a dominant negative
mutation in Sox18, as occurs in the ragged-opossum (RaOp)
mouse mutant (Pennisi et al., 2000b), is embryonic lethal in the
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homozygous state prior to E11.0 and is associated with vessel
rupture. Furthermore, mutations in SOX18 underlie hypotrichosis-
lymphedema telangiectasia (HLT), a vascular and lymphatic disor-
der in humans (Irrthum et al., 2003).

In addition to the important role of SoxF factors in vascular
remodeling and angiogenesis, a role in AV specification has also
been demonstrated. However, some of the findings appear to be
at odds with each other, and additional research is clearly war-
ranted. For example, several studies have shown that individual
knock-down of either sox7 or sox18 fails to affect vascular mor-
phogenesis or endothelial gene expression in zebrafish (Cerme-
nati et al., 2008; Herpers et al., 2008; Pendeville et al., 2008),
which is in contrast to the vascular defects observed in mouse
Sox7 mutants (Wat et al., 2012). Interestingly, two separate
groups found that sox7/18 double morphants have increased
expression of venous markers (dab2, flt4) in arteries, and have
decreased arterial marker gene expression (efnb2, notch3, dll4)
(Herpers et al., 2008; Pendeville et al., 2008). A third group
observed fusion of the axial vessels and expanded/persistent flt4
expression in arteries accompanied with only a transient reduc-
tion of arterial efnb2 mRNA, and no decrease in Notch compo-
nents or other arterial markers (Cermenati et al., 2008). Finally, a
recent study failed to detect a reduction in arterial markers in
sox7/18 morphant embryos (Sacilotto et al., 2013). It is not clear
why these studies have come to different conclusions, but it is
important to note that these studies have all relied on morpholi-
nos, which can have varying efficacy and off-target effects
(Schulte-Merker and Stainier, 2014; van Impel et al., 2014). The
generation of genetic deletion lines for these SoxF factors will be
highly informative. While these results are not exactly congruent,
they are suggestive of a role for SoxF factors in AV specification
in zebrafish. Recent studies in mice with EC-specific deletion of
Sox17 during development or postnatally have further estab-
lished the role of SoxF factors in AV specification (Corada et al.,
2013). These mice are embryonic lethal between E10.5 and E12.5
and develop AVMs at E10.5. They also have reduced Dll4 expres-
sion, Notch activity, and arterial marker expression following
post-natal deletion of Sox17 (Corada et al., 2013). The authors
find that Sox17 binds to the promoters of Dll4 and Notch4, and
weakly to the promoter of Notch1 (Corada et al., 2013).

It appears that SoxF factors may act in concert with other fac-
tors to specify or maintain arterial fate. Sacilotto et al. found that
SoxF factors and Notch coordinately regulate the activity of one
arterial enhancer within, and one arterial enhancer upstream of,
the Dll4 locus (Sacilotto et al., 2013). While individual mutation
of two Sox DNA-binding sites, or an Rbpjk binding site, failed to
diminish enhancer activity, mutations in all three of these sites
abrogated enhancer activity (Sacilotto et al., 2013). Moreover, tri-
ple knockdown of sox7/sox18/rbpjk also abolished Dll4 enhancer
activity and endogenous dll4 mRNA (as well as the expression of
all arterial marker genes examined) in zebrafish embryos (Saci-
lotto et al., 2013). Since others have shown that sox7 and sox18
are expressed in both the DA and the CV (Swift et al., 2014), this
suggests that expression of SoxF factors alone is not sufficient to
drive artery-specific expression in zebrafish. Perhaps the combi-
nation of SoxF factors together with active Notch signaling in
the artery drives dll4 expression. Intriguingly, COUP-TFII/nrf2f2
expression is positively effected by SoxF factors, but is repressed
by Notch signaling, allowing for venous-specific expression in
zebrafish (Swift et al., 2014). In agreement with the work of Saci-
lotto and colleagues, we have found that the Rbpjk site in the

intron 3 Dll4 enhancer is not required for the initiation of
arterial-specific activity in either mice or zebrafish embryos in
vivo; furthermore, Rbpjk is dispensable for initiation of endoge-
nous Dll4 expression during early murine development (Wythe
et al., 2013). However, our work has shown that Notch signaling
appears to be required for the maintenance of Dll4 expression in
embryonic arteries (Wythe et al., 2013). Both Sacliatto et al. and
our own work have demonstrated that ETS factors are required
for Dll4 enhancer activity, and we have argued that VEGF-
dependent ETS activity initiates Dll4 expression and arterial
specification. Recent work has demonstrated that ETV2 can
induce Sox7 expression (Behrens et al., 2014), suggesting that
ETS factors may act upstream of SoxF factors. Indeed, the late
expression of Sox17 in the DA (i.e., E9.5) (Matsui et al., 2006)
suggests this factor maintains, rather than initiates, arterial speci-
fication. Interestingly, a recent report has shown that ETV2 and
FoxC2 activate an arterial-specific enhancer of the Endothelin-
Converting Enzyme gene through a FOX:ETS motifs. The authors
suggest that SoxF factors cooperate together with ETV2 and
FoxC2 to contribute to the arterial-specificity of this enhancer
(Robinson et al., 2014). These studies highlight cooperativity
among transcription factor families in arterial specification and/
or maintenance.

While arterial Notch activity is clearly VEGF-dependent,
whether SoxF factors are activated downstream of VEGF is only
beginning to be understood. While sox7 appears to be VEGF-
regulated in zebrafish, sox18 is not (Pendeville et al., 2008), and
VEGF stimulation fails to alter Sox17 expression in mouse endo-
thelial cells (Corada et al., 2013). Interestingly, VEGFD and
Sox18 genetically interact to regulate vascular development
(Duong et al., 2014). In both zebrafish and mice, compound (but
not single) loss of both VEGFD and Sox18 results in severe AV
defects, including ectopic expression of efnb2a in the vein and
expression of dab2 in the artery, as well as AVMs. Similarly,
combined knock-down of sox7 and vegfd in zebrafish produces
arteriovenous defects. Intriguingly, VEGFD activates VEGFR/
MAPK/ERK signaling to drive the nuclear localization of SOX18
and transcription of SOX18 target genes (Duong et al., 2014).
Taken together, numerous studies have linked SoxF factors to AV
specification, but additional work is required to establish the
mechanisms whereby SoxF factors act, to define their interaction
with other transcription factor families, and to determine whether
they initiate and/or maintain AV identity.

COUP-TFII

Chicken ovalbumin upstream promoter-transcription
factor II

(COUP-TFII, or nr2f2 in zebrafish) is expressed in venous, but not
arterial, endothelium and COUP-TFII homozygous knock-out
mouse embryos perish at E10.5 with hemorrhage and edema from
enlarged blood vessels and compromised cardiovascular develop-
ment (although they do not develop AVMs) (Pereira et al., 1999;
You et al., 2005). Critically, COUP-TFII was the first reported pos-
itive regulator of venous fate, as its deletion in the endothelium
results in ectopic expression of arterial markers in the cardinal
vein, while its pan endothelial over-expression induces arterial-
venous fusions by suppressing Notch signaling (You et al., 2005;
Chen et al., 2012). However, there appears to be divergence in the
regulation and function in COUP-TFII in zebrafish compared to
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mice, as knock-down of nr2f2 leads to a reduction of venous
markers but does not affect arterial gene expression (Aranguren
et al., 2011; Swift et al., 2014). Additionally, nr2f2 knock-down
does not affect Notch signaling in zebrafish (Swift et al., 2014).
Furthermore, an nr2f2 mutant zebrafish line does not appear to
have AV defects (van Impel et al., 2014). Interestingly, Notch
activity suppresses Sox7/18-dependent nr2f2 expression in the
DA, restricting nr2f2 to the zebrafish cardinal vein (Swift et al.,
2014).

Arteriovenous Malformations: a Prominent
Role for the TGF-b Signaling Pathway and
Contributions from Notch and RAS/MAPK

AVMs are abnormal connections between the arterial and venous
circulation, where blood does not travel through an intervening
capillary bed (Atri et al., 2013). As arterial pressure is not dissi-
pated before reaching the veins (which are not built to withstand
arterial pressures), these vascular lesions can result in severe ves-
sel dilation, potentially leading to vessel rupture and hemorrhage
(Atri et al., 2013). However, a more common problem in patients
with AVMs are the systemic effects of the shunting of blood, as
well as the lack of a functional capillary bed, which produces
severely hypoxic regions surrounding the AVM (McDonald et al.,
2011). While these structures can form throughout the body,
AVMs in the lung and brain have the most profound clinical
impact in humans (Atri et al., 2013). Surgical intervention is
often required, but new AVMs can subsequently reform following
surgery (McDonald et al., 2011). AVMs are thought to arise, at
least in part, due to defects in the correct assignment of arterial
and venous fates during development or during postnatal neo-
vascularization. Defective vascular stabilization and remodeling
are also contributing factors (Atri et al., 2013).

Hereditary hemorrhagic telangiectasia (HHT), a group of
related, autosomal dominant inherited genetic disorders repre-
sents one of the most studied categories of vascular dysplasias
(Garg et al., 2014). The prevalence of HHT is estimated to be
between one in 5,000 to 8,000, and patients most often present
with multiple small-diameter telangiectasias in the skin and
mucous membranes (leading to epistaxis) (Plauchu et al., 1989;
Westermann et al., 2003), as well as larger diameter AVMs in
internal organs such as the brain, spine, lungs, liver, and GI tract
(Guttmacher et al., 1995; Letteboer et al., 2006; Garg et al., 2014).
There is a wide variation in the severity, penetrance, and diversity
of affected vascular beds in HHT patients, which may be unsur-
prising considering the molecular heterogeneity underlying this
syndrome. Six different categories of HHT have been described
thus far, based on the underlying genetic defect. Disease-causing
mutations have been identified in the Endoglin (ENG/Endoglin/
CD105) (McAllister et al., 1994) and activin A receptor type II-
like 1 (ACVRL1/ALK1) (Johnson et al., 1996) genes, leading to
HHT1 and HHT2, respectively. HHT3 and HHT4 have been
mapped through linkage analysis to 5q31.3-q32 (Cole et al.,
2005) and 7p14 (Bayrak-Toydemir et al., 2006), respectively.
Additionally, mutations in SMAD4 produce a variant of HHT
known as juvenile polyposis-HHT combined syndrome (Gallione
et al., 2004), and mutations in BMP receptor 2 (BMPR2) have
recently been observed in HHT and AVMs (Rigelsky et al., 2008;
Raimondi et al., 2013; Handa et al., 2014). Since ALK1, BMPR2,
Endoglin, and SMAD4 function in the TGF-b signaling pathway,

this has generated substantial interest in understanding how this
pathway regulates AV specification and vascular stability, and
how mutations in this pathway result in AVMs. While a compre-
hensive discussion of the genetics and molecular basis of AVMs
is beyond the scope of this review (for excellent reviews, see Atri
et al., 2013; Whitehead et al., 2013), we will briefly outline the
known role for the TGF-b signaling pathway in AV specification.

A variety of TGF-b ligands are known, including TGF-b1–3,
activin, nodal, and bone morphogenetic proteins (BMPs). Binding
of a ligand to a receptor complex containing two type I and two
type II TGF-b receptors initiates the phosphorylation of type I
receptors by type II receptors, leading to activation of down-
stream SMAD proteins, which bind to SMAD binding elements in
target genes (Massague, 2012). There are 7 type I receptors
(Acvrl1–7, which encode ALK1–7) and 5 type II receptors in
humans and mice. Endoglin acts as an accessory protein to facili-
tate TGF-b signaling (Barbara et al., 1999). Since ALK1, BMPR2,
ENG, and SMAD4 are mutated in HHT, this has strongly impli-
cated the TGF-b pathway in the pathology of AVMs. ALK1 is
preferentially expressed in the arterial endothelium during devel-
opment, but is largely suppressed in the vasculature postnatally
(Seki et al., 2003). Interestingly, ALK1 is re-expressed during new
vessel formation and remodeling (Seki et al., 2003). Several stud-
ies have revealed that mice deficient in Alk1 develop AVMs at an
elevated frequency in the presence of factors that stimulate new
vessel growth, such as in response to wounding or administration
of VEGF (Park et al., 2009; Walker et al., 2012; Han et al., 2014),
suggesting that ALK1 may be induced to direct AV specification
and/or vessel stabilization during angiogenesis and vascular
remodeling. Additionally, TGF-b ligands such as BMP9/10 can
suppress VEGF signaling (Scharpfenecker et al., 2007; Shao et al.,
2009), implying that modulation of VEGF signaling may be
important for the proper formation of new hierarchical vascular
networks. Homozygous deletion of Alk1 in mice results in the
formation of shunts between the DA and CV, with embryonic
lethality occurring around E11.5 (Urness et al., 2000). The
remodeling of the capillary plexus is defective and vascular
smooth muscle cell coverage is poor. Importantly, loss of AV-
specification markers accompany this phenotype. The expression
of the arterial marker, Efnb2, is lost as early as E9.5 in the DA
and at E8.5 in the yolk sac vasculature. In addition, hemogenic
endothelium (which normal forms exclusively in the DA) can also
be observed in the venous circulation. Global deletion of Alk1
postnatally precipitates AVM formation and death within 1–3
weeks (Park et al., 2009), and Alk1 heterozygous mice develop
spontaneous AVMs as they age (Srinivasan et al., 2003), mirror-
ing the human disease. Recently, postnatal EC-specific deletion
of Alk1 was shown to cause AVMs as well as the loss of arterial
markers, such as Jag1 (Tual-Chalot et al., 2014). Interestingly,
Eng expression was also markedly downregulated in these mice.
Finally, evidence from zebrafish alk1 mutants has suggested that
loss of Alk1 may stabilize AV connections that are usually tran-
sient during development (Corti et al., 2011).

Deletion of Eng from mice also results in defective vascular matu-
ration, vessel dilation, AVM formation, and embryonic lethality
(Bourdeau et al., 1999; Li et al., 1999). However, there appear to be
some differences between Eng and Alk1 phenotypes. While Eng
mutant mice also form hemogenic endothelium in venous vessels,
suggestive of AV specification defects, the expression of Efnb2 is nor-
mal (Sorensen et al., 2003). AVM formation is also delayed in Eng
knock-outs compared to Alk1 knock-outs (Sorensen et al., 2003).
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Similar to Alk1 mutants, AVM formation is enhanced in Eng mutants
exposed to angiogenic and vascular remodeling cues (Hao et al.,
2010; Mahmoud et al., 2010). Indeed, Eng expression is induced in
response to these cues (Ma et al., 2000), similarly to Alk1.

Despite ample evidence from genetic deletion studies in mouse
models and from human patients of a role for the TGF-b in AMV
pathogenesis, the role of TGF-b signaling in AV specification
remains largely unknown. Recent evidence has suggested that a
connection between TGF-b signaling and the Notch signaling
pathway may in part be responsible for TGF-b-dependent AV
specification. For example, the activation of SMADs downstream
of BMP9/BMP10/ALK1 can synergize with Notch to induce
HEY1/2 and to repress VEGF signaling (Larriv�ee et al., 2012).
Recently, an intracellular transmembrane protein that is enriched
in arteries, TMEM100, has been found to be activated down-
stream of BMP9/BMP10/ALK1. Deletion of Tmem100 in mice
results in significant arterial specification defects, AVMs and
embryonic lethality, similar to deletion of Alk1 (Somekawa et al.,
2012). These arterial defects appear to be due in part to a decrease
in activation of Notch signaling. In addition to the regulation of
Notch signaling, it remains possible that TGF-b signaling plays a
direct role in the control of AV genes, but this has not been rigor-
ously tested. Surprisingly, canonical SMAD appears to be normal
in Eng and Tmem100 mutants (Mahmoud et al., 2010; Somekawa
et al., 2012), suggesting a SMAD-independent role for this path-
way. The role of the TGF-b pathway in AV specification clearly
requires further exploration, especially considering the strong
link with human disease.

As mentioned previously, either gain- or loss-of-function of
Notch can result in AVMs in mouse developmental models (Krebs
et al., 2004, 2010; Wythe, 2013). While mutations in Notch path-
way genes have not been observed in human patients with
AVMs, it has been noted that Notch signaling is often dysregu-
lated in AVM vessels (Murphy et al., 2009). However, whether
this is a cause of the disease, or a consequence of altered hemo-
dynamics or TGF-b signaling, is not known. Interestingly, induc-
ible expression of constitutively active Notch4 can cause AVMs
in mice, but these AVMs regress upon cessation of active Notch4
expression (Carlson et al., 2005; Murphy et al., 2012). This sug-
gests that active Notch signaling may be required to maintain the
abnormal vessel architecture of AVMs.

Emerging data has implicated the MAPK/ERK signaling in con-
trolling AV gene expression (Deng et al., 2013; Wythe et al., 2013).
Interestingly, a rare form of AVM, known as capillary
malformation-AVM, is associated with polymorphic mutations in
RASA1 (Eerola et al., 2003; Boon et al., 2005; Revencu et al.,
2008, 2013). This gene encodes for p120 Ras-GTPase activating
protein (p120-RasGAP), which acts to limit Ras signaling. Signifi-
cantly, a knock-in model of the pathological loss-of-function
mutation in Rasa1 (Rasa1R780Q) results in severe vascular defects
(Lubeck et al., 2014). Since Ras lies upstream of the MAPK/ERK
signaling pathway, it is tempting to speculate that the up-
regulation of Ras/MAPK/ERK signaling can precipitate the forma-
tion of AVMs. Further studies are needed to test this hypothesis.

Conclusions and Future Directions

From an enormous amount of experimental evidence, accumu-
lated over the last 20 years, it is quite evident that numerous sig-
naling pathways and transcription factor families converge in a
synergistic and/or ordered fashion to direct AV specification.

Hemodynamics and epigenetics likely serve to hardwire, or rein-
force, these early cell fate specification decisions. Intriguingly,
the existence of an early arterial-specifying transcription factor(s)
that is expressed prior to the establishment of Notch transcription
in the DA has yet to be reported. However, the fact that Dll4
mRNA is detected prior to Notch1/4 in the murine DA implies the
existence of a Notch-independent transcriptional pathway that
lies downstream of Hh and VEGF signaling and specifies arterial
fate. While studies have postulated that members of the pan-
endothelial ETS transcriptional factor family (such as ERG) may
be activated by arterial-specific cell signaling events (such as
phosphorylation and activation of MAPK/ERK) (Wythe et al.,
2013; Ren et al., 2010; Lanahan et al., 2010), an unequivacal
demonstration of this has yet to be shown. An equally plausible
alternative model, that is by no means mutually exclusive with
this hypothesis, is that the combinatorial function of multiple
transcription factors generates an arterial signature. While there
is a clear precedence for combinatorial transcription factor regu-
lation of EC enhancers (De Val et al., 2008; Sacilotto et al., 2013;
Robinson et al., 2014), this has not been systematically studied in
a loss- or gain-of-function setting for endogenous gene expres-
sion and AV specification. A clear, unequivocal in vivo demon-
stration of multiple transcription factors interacting to generate
an arterial- (or venous-) specific gene expression program has yet
to be shown. Interestingly, recent work from the Luttun labora-
tory revealed new pathways that may be involved in AV specifi-
cation, and they demonstrated that methods relying on the
culturing of arterial or venous ECs in vitro result in the loss of
significant transcriptional information (Aranguren et al., 2013).
This may potentially explain why the discovery of an early arte-
rial transcription factor has eluded the field. This suggests that
the basic strategies for gene discovery and network identification
in AV specification, and likely EC biology as a whole, need to
progress beyond reductionist in vitro systems.

Finally, it bears mentioning that significant differences exist
between the molecular mechanisms regulating vascular develop-
ment in zebrafish and mice. The redundancy of Notch ligands in
zebrafish, as well as the differential requirements for VEGF in vas-
culogenesis, suggest that the lymphatic vasculature (van Impel
et al., 2014) will not be the only endothelial population under
noticeably different molecular regulation between the two species.
With the recent advent of accessible genome engineering methodol-
ogies (Peng et al., 2014), and the decreased reliance on antisense
technology, hopefully more meaningful, consistent relationships
will emerge in vascular development, and in particular in AV speci-
fication. Despite the wealth of information that has been gained,
particularly over the last two decades, much work is still needed to
fully understand the mechanisms involved in AV specification.

Note added in Proof: Another recent manuscript from the labo-
ratory of Anna Randi (Birdsey et al., 2015, Dev Cell), adds to the
ETS field by creating another, unique conditional ERG loss of
function mouse model (that disrupts all isoforms). Importantly,
their data, in large part, are in agreement with those of the endo-
thelial-specific isoform loss of function data from Peter Oettgen’s
laboratory (Vijayaraj et al., 2014), while also suggesting that ERG
regulates Wnt/B-catenin signaling and endothelial stability.
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