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Summary
The groundbreaking discovery about arterial and venous expression of ephrinB2 and EphB4,
respectively, in early embryonic development has led to a new paradigm for vascular research,
providing compelling evidence that arterial and venous endothelial cells are established by genetic
mechanisms before circulation begins. For arterial specification, vascular endothelial growth factor
(VEGF) induces expression of Notch signaling genes, including Notch1 and its ligand, Delta-like
4 (Dll4), and Foxc1 and Foxc2 transcription factors directly regulate Dll4 expression. Upon activation
of Notch signaling, the Notch downstream genes, Hey1/2 in mice or gridlock in zebrafish, further
promote arterial differentiation. On the other hand, the orphan nuclear receptor COUP-TFII is a
determinant factor for venous specification by inhibiting expression of arterial specific genes,
including Nrp1 and Notch. After arterial and venous endothelial cells differentiate, a subpopulation
of venous endothelial cells is thought to become competent to acquire lymphatic endothelial cell fate
by progressively expressing the transcription factors Sox18 and Prox1 to differentiate into lymphatic
endothelial cells. Therefore, it has now evident that arterial-venous cell fate determination and
subsequent lymphatic development are regulated by the multi-step regulatory system associated with
the key signaling pathways and transcription factors. Furthermore, new signaling molecules as
additional regulators in these processes have recently been identified. As the mechanistic basis for
a link between signaling pathways and transcriptional networks in arterial, venous and lymphatic
endothelial cells begins to be uncovered, it is now time to summarize the literature on this exciting
topic and provide perspectives for future research in the field.
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Introduction
During vascular development, angioblasts, which are multipotent endothelial progenitors
originating from the mesoderm, coalesce and undergo vasculogenesis to form the primitive
capillary plexus. Angiogenesis is the subsequent process of vascular remodeling and gives rise
to a mature network of blood vessels including arteries and veins. This process is regulated in
part by hemodynamic forces. However, recent studies in zebrafish and mice clearly
demonstrate that in the developing embryo, arterial and venous identity is established by
genetic mechanisms, including VEGF, Notch and ephrinB2, before circulation begins
(Aitsebaomo et al., 2008; Hong et al., 2008; Swift and Weinstein, 2009). After arteriovenous
diversification, a subpopulation of the venous cells acquires lymphatic cell fate by
progressively expressing Sox18 and Prox1 and differentiates into lymphatic endothelial cells.
This process leads to the formation of the second vascular network, the lymphatic vasculature.
Despite recent advances toward understanding genetic programming in vascular development,
there are many important questions that remain unanswered. In particular, the mechanisms
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underlying differential gene regulation and critical signaling pathways that are crucial for
arterial, venous and lymphatic specification need to be determined. In this review, I will
summarize the current understanding of endothelial cell specification during early embryonic
development. A comprehensive summary of critical factors involved in arterial, venous and
lymphatic specification during vascular development is given in Table 1.

EphrinB2/EphB4
Given that arteries and veins are morphologically and physiologically distinct, it was, until
recently, believed that they are formed from primitive blood vessels according to hemodynamic
changes and physiological factors. However, seminal studies demonstrate that ephrinB2 and
its receptor EphB4, members of the ephrin-Eph receptor tyrosine kinase family, are
differentially expressed in arterial and venous endothelial cells of the early mouse embryo,
respectively (Wang et al., 1998). Surprisingly, the expression of ephrinB2 and EphB4 is
distinctively detected in the primary vascular plexus before the onset of circulation in the
developing embryo. This provides the first evidence that arterial-venous identity is genetically
predetermined, although several lines of evidence suggest there is local environments (e.g.
hemodynamic forces) influences plasticity of arterial-venous identity (Moyon et al., 2001;
Othman-Hassan et al., 2001; le Noble et al., 2004).

Consistent with the notion that ephrin-Eph signaling can be bidirectional, mice deficient for
ephrinB2 and EphB4 have similar vascular defects in remodeling of primary capillary vessels
into a mature vascular network composed of arteries and veins (Wang et al., 1998; Adams et
al., 1999; Gerety et al., 1999; Gerety and Anderson, 2002). Importantly, these mutant mice do
not have clear boundaries between arterial and venous vessels, indicating that ephrinB2-EphB4
signaling is required for the establishment and maintenance of arterial-venous interaction.
However, the lack of ephrinB2 or EphB4 does not impair the specification of arteries and veins
per se, and this observation led to the identification of other factors that act upstream of
ephrinB2-EphB4 signaling in arterial-venous cell determination, as discussed below.

Arterial specification
Hedgehog

Sonic hedgehog (Shh) is a member of the Hedgehog family and is involved in numerous aspects
of embryonic development. Shh acts as a secreted molecule and transmit its signal into recipient
cells via the transmembrane receptor Patched (Ptc) and the G protein-coupled receptor
Smoothened (Smo). Studies in the zebrafish have shown that Shh secreted by the notochord
at the midline of the developing embryo induce arterial cell fate in angioblasts (Lawson et al.,
2002). Zebrafish embryos lacking Shh signaling show loss of arterial expression of ephrinB2
and have a single axial vessel expressing venous markers, suggesting that Shh is required for
arterial identity. On the other hand, exogenous expression of Shh in the zebrafish embryo
induces ectopic formation of arterial endothelial cells expressing ephrinB2 within the trunk
vessels. The effect of Shh on arterial identity in zebrafish is indirect by inducing expression of
vascular endothelial growth factor (VEGF) in the adjacent somites. As described below, VEGF
signaling acts downstream of Shh and in turn activates Notch signaling in endothelial cells to
promote the arterial program (Lawson et al., 2001; Lawson et al., 2002; Lawson et al., 2003)
(Fig. 1).

Although the role of Shh signaling in arterial specification has been well demonstrated in
zebrafish, it is still unclear whether the mammalian homologues have similar functions during
development. Shh mutant mice do not exhibit severe vascular defects, although they show
reduced vascularization in the developing lung (van Tuyl et al., 2007). Smo mutant mice have
defects in formation of the dorsal aorta and remodeling of the yolk sac vasculature (Byrd et

Kume Page 2

Histol Histopathol. Author manuscript; available in PMC 2010 July 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



al., 2002; Vokes et al., 2004). Although further examinations of the vascular phenotype in
Smo mutants need to be performed, it is possible that murine Shh signaling is dispensable for
arterial-venous specification.

VEGF
VEGF signaling is the best-known pathway that regulates the formation and morphogenesis
of blood and lymphatic vessels in development and disease (Lohela et al., 2009). In zebrafish,
loss of VEGF results in lack of arterial expression of ephrinB2, consistent with the observation
that loss of Shh signaling leads to lack of VEGF expression in the somites. Importantly,
overexpression of VEGF in the zebrafish embryo induces ectopic expression of arterial markers
as seen in embryos overexpressing Shh and can rescue arterial expression in embryos lacking
Shh signaling (Lawson et al., 2002). Zebrafish experiments including forward genetic
screening have further revealed critical pathways mediated by VEGF in arterial cell fate
determination. While the zebrafish VEGF receptor Kdrl plays a major role in arterial
development (Covassin et al., 2006; Covassin et al., 2009), phospholipase C (PLC)-γ1, an
immediate downstream component of the VEGF receptors, is required for transducing VEGF
signaling (Lawson et al., 2003; Covassin et al., 2009). Furthermore, phenotype-based small-
molecule chemical screening on zebrafish gridlock mutant embryos described below have
provided evidence that a crosstalk between VEGF-activated intracellular signaling pathways,
the phosphoinositide 3-kinase (PI3K) and the extracellular signal-regulated kinase/mitogen-
activated protein kinase (ERK/MAPK) signaling pathways, antagonistically regulate arterial-
venous specification during development (Peterson et al., 2004; Hong et al., 2006; Hong et al.,
2008).

Homozygous and heterozygous mutant mice for VEGF display embryonic lethality associated
with cardiovascular defects, including abnormal blood vessel formation (Carmeliet et al.,
1996; Ferrara et al., 1996). Interestingly, mutant mice expressing only the matrix-associated
VEGF188 isoform show impaired arterial differentiation in the retina, suggesting that the lower
molecular weight isoforms (diffusible VEGF120 and intermediate VEGF166) are required for
arterial development in the retina (Stalmans et al., 2002). Consistent with this finding,
neuropilin-1 (Nrp1), a co-receptor for VEGF164 to facilitate VEGF signaling in concert with
VEGF receptor-2 (VEGFR2), is expressed in arterial endothelial cells (Herzog et al.,
2001;Moyon et al., 2001; Mukouyama et al., 2002; le Noble et al., 2004). In fact, Nrp1 mutant
mouse embryos show impaired arterial differentiation, independent of blood flow patterns
(Jones et al., 2008). Mukouyama et al. have also demonstrated that a critical step for arterial
differentiation is the induction of Nrp1 expression by VEGF signaling as a positive feedback
loop (Mukouyama et al., 2005). Thus, the VEGF-VEGFR2/Nrp1 pathway is critical for arterial
specification during vascular development (Fig. 1).

Notch
The Notch signaling pathway directs cell fate decisions during embryonic development. Upon
activation of a Notch receptor (Notch1 to Notch4 in mammals) by binding to one of ligands
(Jagged-1 to -2 or Delta-like [Dll]1 to -3 in mammals), a proteolytic cleavage results in the
release of the Notch intracellular domain (NICD) into the cytoplasm. The transcriptional
regulator Suppressor of Hairless [Su(H)] then interacts with the translocated NICD in the
nucleus, leading to the induction of the bHLH transcription factors, including Hey1 and
Hey2 in mouse and gridlock (grl) in zebrafish. Notch receptors (Notch1 and Notch4 in mouse)
and Notch ligands (Jagged1, Jagged2 and Dll4 in mouse) are specifically expressed in arterial
endothelial cells of the early embryo. Importantly, studies in zebrafish have first provided
compelling evidence that Notch signaling acts downstream of the Shh and VEGF pathways in
arterial specification (Lawson et al., 2001; Lawson et al., 2002).
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Compound homozygous mutant mice for Notch1 and Notch4 exhibit abnormal vascular
development (Krebs et al., 2000), whereas mice lacking Dll4 show defects in arterial
specification in a dosage dependent manner (Duarte et al., 2004; Gale et al., 2004; Krebs et al.,
2004). While before embryonic day (E) 13.5, Dll1 is not expressed in blood vessels of the
developing mouse embryo, its expression is restricted to arterial endothelial cells beginning at
E 13.5. Analysis of hypomorphic and endothelial-specific Dll1 mutant mice reveals that Dll1
is required for the maintenance of arterial identity (Sorensen et al., 2009). Interestingly,
although these Dll1 mutant mice display reduced expression of VEGFR2 and Nrp1 and
upregulation of the venous marker COUP-TFII, Dll4 is still expressed in Dll1-mutant
endothelial cells (Sorensen et al., 2009). These results suggest that Dll4 is essential for initiating
the arterial program, but is dispensable for maintaining arterial identity in the late stage of
embryonic development. It is also worth noting that Notch signaling activated by Dll1 regulates
the Nrp1 promoter, indicating direct control of VEGF responsiveness by Notch (Sorensen et
al., 2009).

During vascular development, Hey1/2 in mouse and grl in zebrafish act downstream of the
Notch signaling pathway. Like Dll4 mutant mice (Duarte et al., 2004), compound Hey1 and
Hey2 mutant mice fail to express arterial markers such as ephrinB2 in endothelial cells and
exhibit fusions between arteries and veins (arteriovenous malformations) (Fischer et al.,
2004; Kokubo et al., 2005). Grl is a zebrafish ortholog of mammalian Hey2 and is also involved
in arterial specification in the zebrafish embryo (Zhong et al., 2001). Overexpression of grl
results in suppression of venous markers, but no ectopic expression of arterial markers. It is
still unclear whether grl is a direct downstream target of Notch in zebrafish because grl
expression is detected in zebrafish embryos defective of Notch signaling (Lawson et al.,
2001). Consistently, it has been shown that Hey2 expression is Notch-independent during
cardiac development (Rutenberg et al., 2006; Timmerman et al., 2004).

Although critical signaling pathways including Shh, VEGF and Notch in arterial fate
determination have now been identified, the regulatory mechanisms associated with the key
signaling pathways and transcriptional networks need to be elucidated. As described below,
recent evidence demonstrates that Fox and Sox transcription factors play major roles in arterial
cell fate determination during embryonic development.

Foxc1 and Foxc2 transcription factors
Members of the Forkhead/Fox transcription factor family have been implicated in
cardiovascular development and disease (Papanicolaou et al., 2008). In particular, two closely
related proteins in the Foxc subfamily, Foxc1 and Foxc2, play overlapping roles in
cardiovascular development. Compound Foxc1; Foxc2 homozygous mouse mutants show
defective vascular remodeling of primitive blood vessels and abnormal vascular connections,
arteriovenous malformations (Kume et al., 2001; Seo et al., 2006). It is important to note that
arteriovenous malformations similarly develop in endothelial cells of mutant mice and
zebrafish in which Notch signaling is defective (Lawson et al., 2001; Zhong et al., 2001; Duarte
et al., 2004; Krebs et al., 2004; Kokubo et al., 2005). Endothelial cells of compound Foxc1;
Foxc2 homozygous mutants fail to express arterial-specific genes including Dll4 and Hey2,
whereas venous markers such as COUP-TFII and EphB4 are normally expressed in these
mutant embryos (Seo et al., 2006). Most significantly, Foxc1 and Foxc2 can directly activate
the Dll4 promoter via a Foxc-binding element (FBE), suggesting that Foxc1 and Foxc2 act
upstream of Notch signaling in arterial cell specification (Seo et al., 2006) (Fig. 1).

A recent study has further demonstrated that Foxc1 and Foxc2 directly regulate expression of
the Notch target gene, Hey2, by activating its promoter in endothelial cells (Hayashi and Kume,
2008). The Hey2 promoter includes two FBEs that are adjacent to a binding site for Su(H). Of
significance is the finding that Foxc2, but not Foxc1, directly binds to Su(H) and forms a protein
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complex with Su(H) and NICD to induce the Hey2 promoter. Thus, Foxc2 functionally interacts
with the Notch pathway to induce Hey2 expression in endothelial cells (Hayashi and Kume,
2008).

Foxc-induced promoter activity of Dll4 and Hey2 is significantly enhanced by VEGF in
endothelial cells (Hayashi and Kume, 2008). Consistent with the report that the VEGF-
mediated PI3K pathway induces the transcription of Notch1 and Dll4 in vitro (Liu et al.,
2003), modulation of Foxc activity by VEGF is enhanced by the PI3K pathway or inhibited
by the ERK/MAPK pathway. By contrast, in the zebrafish embryo, the VEGF-activated PI3K
pathway inhibits the stimulation of the ERK signaling cascade, leading to the suppression of
arterial differentiation (Hong et al., 2006). Although reasons for the discrepancy between the
in vitro and in vivo results remain unclear, one possible explanation is that these in vitro
experiments were not conducted in uncommitted endothelial progenitor cells (Liu et al.,
2003; Hayashi and Kume, 2008). Alternatively, given evidence that endothelial cells have
plasticity even after specification (Moyon et al., 2001; Othman-Hassan et al., 2001; le Noble
et al., 2004), it is also possible that epigenetic regulation in vivo such as hemodynamic force
and blood flow may affect genetic programming in arterial-venous specification of the
developing embryo (Swift and Weinstein, 2009).

In in vitro differentiation of arterial and venous endothelial cells using mouse embryonic stem
(ES) cells, high VEGF concentration (50 ng/ml) induces arterial marker genes, whereas low
and intermediate VEGF concentrations (2 and 10 ng/ml, respectively) preferentially upregulate
expression of the venous marker COUP-TFII (Lanner et al., 2007). This observation implies
that graded VEGF signaling could govern preferential activation of either PI3K or ERK
pathway. Since Foxc1 and Foxc2 are expressed in both arteries and veins in the mouse embryo
(Seo et al., 2006), it is possible that VEGF-mediated posttranslational modifications, such as
phosphorylation, are critical for the activation of Foxc1 and Foxc2 proteins in the induction of
arterial-specific genes. Taken together, these findings suggest that Foxc transcriptional factors
control multiple steps of the VEGF-Notch/Dll4-Hey2 molecular cascade, thereby promoting
arterial cell determination.

Sox transcription factors
Three Sox genes, Sox7, Sox17 and Sox18, encode proteins that belong to a subgroup (SoxF) of
the Sox transcription factor family. All three genes are expressed in vascular endothelial cells
during development, while only Sox18 is expressed in lymphatic vessel development (Hosking
et al., 2009). Consistent with their expression patterns, Sox7 and Sox18 have a cooperative
role in the specification of arterial-venous identity in zebrafish development (Cermenati et al.,
2008; Herpers et al., 2008; Pendeville et al., 2008), whereas compound Sox17; Sox18 mutant
mice display defects in cardiovascular development and postnatal neovascularization (Matsui
et al., 2006; Sakamoto et al., 2007). Although the mechanistic basis for the function of Sox7/18
in arterial-venous specification remains unclear, it is noteworthy that the phenotypic
similarities are observed between Sox7/18-deficient embryos and grl mutants and that
Sox7/18-deficient embryos lack grl expression. Thus, Sox7 and Sox18 may regulate arterial-
venous specification, at least in part, by acting upstream of grl. As described below, Sox18
also is an essential regulator of early lymphatic development. Recent studies demonstrate that
Sox7 and Sox17, as genetic modifiers, can be induced in lymphatic endothelial progenitors in
the absence of Sox18 in certain mouse strains and compensate the lymphatic phenotype of
Sox18 mutant mice (Hosking et al., 2009). Therefore, the three Sox transcription factors
cooperatively act in multiple processes of endothelial specification during development (Fig.
1).
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Novel signaling molecules in arterial specification
Sucrose nonfermenting-related kinase-1 (snrk-1), a relatively novel serine/threonine kinase
that belongs to the class of AMP-activated protein kinases (AMPKs), has recently been
implicated in arterial-venous specification in zebrafish (Chun et al., 2009). Snrk-1 is
specifically expressed in zebrafish vasculature and acts downstream or parallel to Notch
signaling (Fig. 1). Importantly, snrk-1 counteracts with the function of dual-specific
phosphatase-5 (dusp-5) in vascular development, and mutations in human snrk-1 and dusp-5
are identified in venous or lymphatic malformation patients (Pramanik et al., 2009). As
described below, lymphatic endothelial cells are derived from the venous lineage. Thus, protein
phosphorylation/dephosphorylation mediated by snrk-1 and dusp-5 may be critical for the
lineage determination of artery, vein and lymphatic vessels.

Another phosphatase recently reported to be involved in arterial specification is the protein
tyrosine phosphatase Dep1. Zebrafish Dep1a and Dep1b are both expressed in vascular
endothelial cells, as well as in other embryonic tissues. Knockdown of both Dep1a and
Dep1b in zebrafish results in reduced expression of arterial markers (notch5, grl and eprhinB2)
and an expansion of venous markers (ephB4 and dab2) in the vasculature (Rodriguez et al.,
2008). By contrast, the PI3K inhibitor LY294002 as well as overexpression of NICD or grl
can rescue the vascular phenotype of embryos with double knockdown of Dep1a/Dep1b. These
findings suggest that Dep1 is required for arterial-venous specification by acting upstream of
the PI3K pathway (Fig. 1). Although Dep1 has been shown to interact with VEGFR2-mediated
signaling in endothelial cell-cell contacts (Grazia Lampugnani et al., 2003), further studies
need to be performed to determine whether Dep1 is directly associated with VEGFR2 signaling
in the arterial program during development.

The calcitonin receptor-like receptor (crlr) is a 7-transmembrane G protein-coupled receptor
and can function as a receptor for adrenomedullin. Crlr is expressed in the somite and arterial
progenitors during zebrafish development. Crlr-deficient zebrafish embryos show loss of
arterial gene expression such as ephrinB2 and notch5 (Nicoli et al., 2008). While lack of crlr
results in a reduction in VEGF expression in the somites, VEGF overexpression can rescue
impaired arterial differentiation of crlr-deficient embryos (Nicoli et al., 2008), suggesting that
crlr functions upstream of VEGF in arterial specification. On the other hand, Shh signaling
regulates crlr expression in the somite. These results indicate that Shh modulates VEGF activity
by controlling crlr expression in zebrafish. Consistent with the role of crlr in zebrafish embryos,
analysis of the in vitro differentiation system of mouse ES cells has also revealed that
adrenomedullin signaling coordinates with the VEGF and Notch pathways in arterial
differentiation (Yurugi-Kobayashi et al., 2006).

Venous Specification
According to a number of studies in the zebrafish embryo, it was thought that venous cell fate
is a default status during early embryonic development and that the activation of Notch
signaling mediated by the Shh/VEGF pathways augments arterial specification. However, You
et al. have demonstrated that chicken ovalbumin upstream promoter-transcription factor
(COUP-TFII, which is specifically expressed in venous endothelial cells, is a genetic
determinant factor of venous specification by acting upstream of EphB4 in mouse (You et al.,
2005) (Fig. 1). COUP-TFII belongs to the orphan nuclear receptor family, although it has
recently been shown to be a retinoic acid-activated receptor (Kruse et al., 2008). COUP-
TFII mutant mice show ectopic expression of arterial markers such as Nrp1, Notch1 and
eprinB2 in veins, while mis-expression of COUP-TFII in endothelial cells results in reduced
expression of Nrp1 and Jagged1 in arteries (You et al., 2005). It should be noted that the lack
of COUP-TFII leads to a slight reduction in EphB4 expression in veins, suggesting that COUP-
TFII is not a sole factors, but may cooperate with additional factor(s) in venous cell fate
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determination. Unlike arterial specification, the molecular mechanisms controlling venous
specification remain largely unknown. Therefore, although COUP-TFII suppresses arterial cell
fate by inhibiting expression of Nrp1 and Notch (You et al., 2005), it is important to define the
mechanistic basis for the action of COUP-TFII during arterial-venous specification.
Significantly, after the process of the determination of arterial and venous cell fates, COUP-
TFII is also critical for lymphatic gene expression by interacting with Prox1 (see below). This
observation supports evidence that the event of arterial-venous determination is progressively
followed by lymphatic specification during embryonic development. Consistently, Nrp2 is
expressed in venous and lymphatic endothelial cells (Herzog et al., 2001; Yuan et al., 2002),
while VEGFR3 expression is initially detected in blood vessels of the early embryo but
becomes restricted to venous and then lymphatic endothelial cells at the late stages of
development (Kaipainen et al., 1995; Kukk et al., 1996).

Lymphatic specification
The mammalian lymphatic vascular system originates solely from the venous endothelial cells
(Srinivasan et al., 2007). After arterial and venous endothelial cells differentiate, a
subpopulation of venous endothelial cells is thought to become competent to acquire lymphatic
endothelial cell fate by progressively expressing the transcription factors Sox18 and Prox1 to
differentiate into lymphatic endothelial cells (Adams and Alitalo, 2007; Kiefer and Adams,
2008; Maby-El Hajjami and Petrova, 2008). VEGF-C, a VEGFR3 ligand, is expressed mainly
in mesenchymal cells surrounding embryonic veins (Karkkainen et al., 2004). Prox1/VEFR3-
positive lymphatic endothelial progenitors subsequently bud and migrate from the veins via
paracrine VEGF-C/VEGFR3 signaling, leading to the formation of the lymphatic network, a
process called (developmental) lymphangiogenesis (Adams and Alitalo, 2007; Kiefer and
Adams, 2008; Maby-El Hajjami and Petrova, 2008).

Sox18 is first detected in a subpopulation of the cardinal vein and precedes the onset of Prox1
expression. Although Sox18 homozygous mutant mice on a mixed background do not have
lymphatic defects because of genetic compensation by Sox7 and Sox17 (Hosking et al.,
2009), these mutant embryos on a C57BL/6 genetic background show a complete blockade of
lymphatic endothelial differentiation, accompanied by the lack of Prox1 expression in the
cardinal vein (Francois et al., 2008). Furthermore, Sox18 can directly induce Prox1 expression
via two Sox18-binding sites on the Prox1 promoter (Francois et al., 2008). These data indicate
that Sox18 directly acts upstream of Prox1 in the specification of lymphatic cell fate during
embryonic development (Fig. 1).

Compelling evidence shows that Prox1 is a master regulator of lymphatic endothelial identity.
Prox1 mutant mice fail to specify lymphatic endothelial cells and lack the expression of
lymphatic markers such as VEGFR3 and LYVE1 (Wigle and Oliver, 1999; Wigle et al.,
2002). Indeed, endothelial cells sprouted from the cardinal vein of Prox1-deficient embryo
express blood endothelial markers. These results demonstrate that the loss of Prox1 in mouse
results in an arrest of the lymphatic program. Consistent with the lymphatic phenotype in
Prox1 mutant mice, Prox1 play a pivotal role in controlling lymphatic gene expression (Hong
et al., 2002; Petrova et al., 2002). Recent studies further reinforce the importance of Prox1
function in lymphatics (Johnson et al., 2008). Prox1 suppresses blood endothelial cell identity
and promotes and maintains lymphatic cell identity even in adult mice. Remarkably, analysis
of inducible ablation of Prox1 in mouse reveals that the loss of Prox1 leads to reprogramming
of the lymphatic cell phenotype to the blood endothelial cell phenotype. Together these results
clearly demonstrate that the two-endothelial identities are reversible depending on Prox1
activity (Johnson et al., 2008), although it remains unclear whether Prox1-deficient lymphatic
endothelial cells can acquire venous or unspecified endothelial identity. It should be noted that
Sox18 seems essential for the induction of lymphatic differentiation, but dispensable for the
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maintenance of the lymphatic phenotype. Besides lymphatic endothelial identity, Prox1 also
controls the migration of lymphatic endothelial cells toward VEGF-C by directly inducing the
expression of FGFR3, VEGFR3 and integrin α9 (Shin et al., 2006; Mishima et al., 2007).

Implications for regulators of arterial-venous identity in lymphatic vessel development
Since the lymphatic vasculature is derived from venous endothelial cells in mammals, it is, not
surprisingly, important to state that several key factors involved in arterial-venous identity play
important roles in lymphatic vessel development. For instance, ephrinB2 plays a role in
remodeling the lymphatic capillary plexus into a mature lymphatic network as well as
lymphatic valve formation (Makinen et al., 2005). Notch1 and Notch4 have been shown to be
expressed in normal and pathological lymphatics in mouse and human (Shawber et al., 2007).
Given evidence that Notch signaling directly upregulates expression of ephrinB2 and
VEGFR3 by activating their promoters in blood endothelial cells (Grego-Bessa et al., 2007;
Shawber et al., 2007), it is plausible to consider the possibility that the Notch pathway may
control ephrinB2 and VEGFR3 expression in lymphatic endothelial cells. Yet no lymphatic
abnormalities have been reported on mutant mice for Notch signaling genes (Gridley, 2007),
possibly because these Notch mutant mice die earlier than the onset of lymphatic vessel
development.

The venous determinant factor COUP-TFII is reported to be expressed in lymphatic endothelial
cells, and COUP-TFII and Prox1 physically interact with each other (Lee et al., 2009; Yamazaki
et al., 2009). COUP-TFII and Prox1 cooperatively control lymphatic gene expression such as
VEGFR3 and FGFR3 (Lee et al., 2009), supporting the idea that venous cell identity is a
prerequisite for lymphatic specification. Interestingly, COUP-TFII negatively and positively
regulates VEGFR3 expression in blood and lymphatic endothelial cells, respectively
(Yamazaki et al., 2009). COUP-TFII also suppresses Prox1-induced cyclin E1 expression and
cell proliferation (Yamazaki et al., 2009). Thus, it is likely that COUP-TFII differentially
functions by interacting with other transcriptional regulators such as Prox1 in venous and
lymphatic endothelial cells.

Compound Foxc1+/−; Foxc2−/− mutant mice have a reduction in the number of Prox1+
lymphatic endothelial cells sprouting from the cardinal vein (Seo et al., 2006). Notably, while
expression domains of Foxc1 and Foxc2 are overlapped with those of VEGF-C in the
mesenchyme, compound Foxc1+/−; Foxc2−/− mutants exhibit significant reduction in VEGF-
C expression. Therefore, Foxc transcription factors are likely to regulate lymphatic vessel
development in a paracrine manner. Foxc2 homozygous mutant mice show defective lymphatic
valve formation and abnormal pericyte recruitment of lymphatic vessels, and Foxc2 and
VEGFR3 act through a common genetic pathway in lymphatic vessel development (Petrova et
al., 2004). Recent evidence further demonstrates that during lymphatic valve formation, Foxc2
interacts with another transcription factor, NFATc, which has previously been implicated in
the formation of cardiac valves from the endocardium (Norrmen et al., 2009). These results
provide evidence that like COUP-TFII, Foxc2 is a critical regulator in multiple stages of
vascular formation, including arterial specification and lymphatic vessel development.

Concluding remarks and future directions
Studies in zebrafish and mouse have made significant progress toward understanding arterial,
venous and lymphatic cell fate determination. For example, it has become evident the
developing embryo progressively acquires lymphatic specification after the arterial-venous
fate decisions in vascular endothelial cells. Yet the mechanistic basis for a link between the
key signaling pathways and transcriptional networks in the three similar, but distinct,
endothelial cell populations is still not completely understood. Although new molecules
recently identified have been discussed in this review, additional factors and signaling
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pathways may need to be discovered to full understand the complex process of endothelial cell
fates. In particular, the molecular hierarchies that act at the nexus of arterial, venous and
lymphatic specification/differentiation remains to be elucidated. Addressing this fundamental
question will lead to a more complete understanding of plasticity and/or reprogramming of one
endothelial cell type to another and will also be clinically relevant to vascular disorders in
humans.
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Fig. 1.
A model for molecular pathway for arterial, venous and lymphatic cell fate determination in
vertebrate embryo. The VEGF-VEGFR2/Nrp1 pathway activates Notch signaling in
angioblasts, leading to the specification of arterial cell fate, while crlr controls VEGF
expression. Dep1 acts upstream of the VEGF-activated PI3K pathway. Foxc1 and Foxc2
directly regulate Dll4 and Hey2 expression, presumably downstream of VEGF signaling.
Sox7/18 and snrk-1 may act upstream of grl (the Hey2 homolog in zebrafish). EphrinB2 is a
downstream target of Notch. In venous endothelial progenitors, COUP-TFII suppresses Nrp1
and Notch activation and promotes venous cell fate. A subpopulation of venous endothelial
cells subsequently expresses Sox18 and Prox1, thereby inducing lymphatic cell fate. COUP-
TFII also contributes to lymphatic gene expression by interacting with Prox1.
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Table 1

Factors involved in regulating arterial, venous and lymphatic cell fates

Factor Phenotype/Role References

Arterial identity

Shh Loss of Shh results in lack of arterial identity in zebrafish. Shh acts
upstream of VEGF.

Lawson et al., 2002

VEGF VEGF acts downstream of Shh signaling to activate Notch via the
PLCγ/ERK pathway
in zebrafish. Mutant mice expressing only VEGF188 lack arterial
differentiation.

Lawson et al., 2002; Stalmans et al., 2002
Hong et al., 2006; Covassin et al., 2009

Nrp1 Null mice display impaired arterial differentiation. Nrp1 is involved
in a positive
feedback loop of VEGF signaling.

Jones et al., 2008; Mukouyama et al., 2005

Notch Notch acts downstream of Shh and VEGF signaling in zebrafish.
Notch1; Notch4 mutant mice have abnormal vascular development.

Lawson et al., 2001; Lawson et al., 2002
Krebs et al., 2000

Dll4 Null mice lack arterial specification. Duarte et al., 2004; Gale et al., 2004;
Krebs et al., 2004

Dll1 Null mice fail to maintain arterial identity. Sorensen et al., 2009

Hey1/2
(Grl)

Null mice lack arterial specification. Lack of grl in zebrafish results
in loss of arterial
specification.

Zhong et al., 2001; Fisher et al., 2004
Kokubo et al., 2005

Foxc1/c2 Foxc1; Foxc2 mutant mice lack arterial specification. Foxc1 and
Foxc2 directly
regulate Dll4 and Hey2 expression. Foxc1 and Foxc2 are also
involved in lymphatic
vessel development.

Kume et al., 2001; Seo et al., 2006
Hayashi and Kume, 2008

Sox7/18 Lack of Sox7/18 results in loss of arterial identity in zebrafish. Cermenati et al., 2008; Herpers et al., 2008
Pendeville et al., 2008

Snrk-1 Snrk-1 acts downstream or parallel to Notch signaling in zebrafish. Chun et al., 2009

Dep1 Dep1 acts upstream of PI3K in arterial specification in zebrafish. Rodriguez et al., 2008

Crlr Shh regulates VEGF activity by controlling crlr expression in
zebrafish.

Nicoli et al., 2008

EphrinB2 Null mice lack boundaries between arteries and veins. EphrinB2 is
involved in
lymphatic vascular remodeling and maturation.

Wang et al., 1998; Adams et al., 1999;
Gerety and Anderson, 2002; Makinen et al., 2005

Venous identity

COUP-TFII COUP-TFII suppresses arterial cell fate by inhibiting Nrp1 and
Notch. COUP-TFII also
interacts with Prox1 to regulate lymphatic gene expression.

You et al., 2005; Lee et al., 2009
Yamazaki et al., 2009

EphB4 Null mice lack boundaries between arteries and veins. Gerety et al., 1999

Lymphatic identity

Sox18 Null mice fail to specify lymphatic endothelial cells. Sox18 induces
Prox1 expression.

Francois et al., 2008

Prox1 Prox1 induces lymphatic markers and maintains lymphatic cell
identity.

Wigle and Oliver, 1999; Wigle et al., 2002
Hong et al., 2002; Petrova et al., 2002
Johnson et al., 2008
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