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As vascular networks form, endothelial cells (ECs) undergo cell fate decisions that determine
whether they become tip or stalk cells of the developing vascular plexus or mature into
arterial, venous, or lymphatic endothelium. EC fate decisions are coordinated with neigh-
boring cells to initiate sprouting, maintain endothelial barrier, or ensure appropriate special-
ization of vessels. We describe mechanisms that control EC fate at specific steps in these
processes, with an emphasis on the role of the Notch signaling pathway. Specific EC fate
determination steps that are highlighted are tip/stalk selection during sprouting angiogenesis,
venous-arterial specification, arteriogenesis, lymphatic vessel specification, and lymphatic
valve formation.

Control of vascular growth is critical for every
organ of the body (Ramasamy et al. 2015).

Endothelial cells (ECs) take on a variety of
specialized functions during prenatal and post-
natal development of the vasculature. However,
ECs retain plasticity to adjust to conditions in
adults, like hypoxia, wounding, and inflamma-
tion. Vascular disruptions contribute to a broad
range of diseases, including cancer, hyperten-
sion, and dementia.

Notch signaling controls numerous endo-
thelial phenotypes and multiple EC fate deci-
sions (Tung et al. 2012). Notch proteins are sin-
gle-pass transmembrane receptors that, upon
activation by ligand binding, are cleaved to
release the intracellular domain, which then
translocates to the nucleus and complexes with
transcriptional cofactors to directly regulate tar-
get gene expression. Human and mouse ECs

primarily express the Notch proteins NOTCH1
andNOTCH4 and their ligandsDLL4 and JAG1
(Uyttendaele et al. 1996; Xue et al. 1999; Krebs
et al. 2000, 2004; Vanlandewijck et al. 2018).
Notch ligands are transmembrane proteins and
generally function to activate Notch in associa-
tion with cell–cell contact. The tensile force be-
tween Notch ligand–presenting cells and recep-
tor-presenting cells is required to expose the S2
proteolytic cleavage site on the receptor that
leads to full receptor activation (Wang and Ha
2013; Gordon et al. 2015; Luca et al. 2017). In
many contexts, activating Notch in a cell down-
regulates Notch ligand expression, creating a
regulatory feedback loop where similar cells
with stochastic variation in Notch expression
will sort themselves into distinct high-Notch
and high-ligand-expressing fates, a process
knownas lateral inhibition (Lai 2004;Greenwald
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2012). These features of Notch signaling regula-
tion are elements of vascular biology; to preserve
vascular integrity, ECs must maintain direct
contacts with adjacent EC and mural cells, and
individual ECs must acquire new fates while
neighboring cells preserve their original states.
In this review, we provide an overview of how
Notch functions to control cell fate decisions of
ECs, whether it be to maintain current status or
pivot to new vascular fates.

TIP CELLS AND STALK CELLS IN SPROUTING
ANGIOGENESIS

Upon specification of EC fate and formation of
the vascular plexus, expansion of the vascular
network is achieved primarily by sprouting an-
giogenesis, in which new blood vessels grow from
the existing vasculature. During sprouting angio-
genesis, ECs respond dynamically to micro-
environmental cues as well as to cell-intrinsic
programs and signals from neighboring ECs to
guide appropriate patterning and integrity of the
vascular network (Marcelo et al. 2013). A critical
aspect of sprouting angiogenesis is specification
of tip and stalk ECs (Fig. 1). Tip cells lie at the
leading edge of the nascent vascular sprout, ex-
tending filopodia to the surrounding microenvi-
ronment and guiding migration of the vascular
sprout in the direction of angiogenic stimuli.
Stalk cells, which make up the bulk of the devel-
oping vessel, lie behind the tip cell and proliferate
to extend the vasculature (Gerhardt et al. 2003).
Although initially thought to be a relatively static
process, in which tip or stalk cell identity was
specified early and maintained throughout an-
giogenesis, it is now recognized to be highly dy-
namic, with ECs competing for and switching
between tip/stalk cell identity, ensuring the for-
mation of a robust vascular network (Jakobsson
et al. 2010; Arima et al. 2011; Stepanova et al.
2021).

NOTCH CONTROLS CELL FATES DURING
ANGIOGENIC SPROUTING

Angiogenic sprouting is initiated when an EC,
typically at the periphery of the vascular plexus,
encounters an angiogenic stimulus such as ex-

tracellular vascular endothelial growth factor A
(VEGF-A), which binds to its cognate receptors
VEGF receptor 1 (VEGFR1) andVEGF receptor
2 (VEGFR2), leading the responsive EC to dif-
ferentiate fromneighboring stalk cells and adopt
a tip cell phenotype, extending filopodia to sense
and migrate in the direction of the angiogenic
stimulus (Fig. 1; Gerhardt et al. 2003). VEGFR1
and VEGFR2 are the most well-characterized
VEGF receptors involved in the regulation of
sprouting angiogenesis, with VEGF having the
highest affinity toVEGFR1 and interactingmore
weakly with VEGFR2. However, VEGFR1 ex-
hibits weak kinase activity and acts primarily
as a decoy receptor, thus making VEGFR2 the
primarymediator of VEGF signaling in the con-
text of sprouting angiogenesis (Park et al. 1994;
Olsson et al. 2006). Although restricted to the
lymphatic endothelium in the adult, during
sprouting angiogenesis, VEGFR3 is highly ex-
pressed by blood ECs and contributes to regu-
lation of proper vascular network formation
(Tammela et al. 2008; Zarkada et al. 2015).

Stalk cells are considered essential in the reg-
ulation of proper sprouting and vesselmaturation
and theNotch signalingaxis guides theseprocess-
es, permitting or restricting angiogenic sprouting
and endothelial responsiveness to VEGF. Not all
ECs that encounter VEGF will become tip cells,
and tip cell selection is highly dependent on
Delta-like 4 (DLL4)-Notch signaling.

As demonstrated in mouse embryoid bodies
in vitro and the developing retina in vivo, adop-
tion of tip cell identity is favored in cells
that express relatively high VEGFR2 and low
VEGFR1; however, rather than being strictly
VEGFR dosage-dependent, the presence of an
intact endothelial Notch signaling axis is re-
quired to maintain this preference, suggesting
that sprouting is regulated not only by VEGFR
expression, but also by proper regulation of
Notch signaling levels (Jakobsson et al. 2010).
Further, Notch signaling in angiogenic endothe-
lium is essential to determination of VEGFR
expression, with high Notch signaling leading
to low VEGFR2 and high VEGFR1 expression,
while low Notch signaling in potential tip cells
restricts VEGFR1 expression and permits
VEGFR2 expression and responsiveness to
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VEGF; these relative expression levels will deter-
mine whether a stalk EC differentiates to tip cell
identity in response to VEGF (Harrington et al.
2008; Moya et al. 2012). In the embryonic hind-
brain, Notch signaling in early stalk cells is
potentiated by the formation of a heteromer be-
tween Notch target HES1 and the Id family of
helix-loop-helix proteins, leading to down-reg-
ulation of tip cell markers such as Vegfrs and
Dll4 and robust reinforcement of the stalk cell
phenotype; ECs with low or deficient Id protein
were favored to adopt tip cell identity (Moya
et al. 2012).

Upon adoption of tip cell identity, VEGFR2
signaling leads to increased expression of the
Notch ligand DLL4 in tip cells, which reinforces
Notch signaling in adjacent stalk cells andensures
low VEGFR2 expression. Concurrently, the
Notch ligand Jagged1 (JAG1) is highly expressed
in stalk cells, potentially blocking DLL4-Notch
signaling to tip cells and reinforcing their tip cell
identity (Hellström et al. 2007; Lobov et al. 2007;
Benedito et al. 2009). Thus, neighboring tip and
stalk cells engage in an intercellular feedback loop
that stabilizes tip/stalk identity in the local area
and ensures proper regulation of angiogenic

VEGF

VEGFR2

VEGFR1↑ DLL4

NOTCH

DLL4−NOTCH−DLL4

DLL4−NOTCH−DLL4 −NOTCH

NOTCH

↑ DLL4

↑ Jag1
↑ Jag1

↓ VEGFR2

↑ DLL4

↑ VEGFR2

↑ DLL4

↑ VEGFR2

↑ Jag1
↓ VEGFR2

↑ Jag1

Figure 1. Tip cell/stalk cell determination and shuffling in sprouting angiogenesis. (Left) Upon initiation of tip
cell differentiation in response to vascular endothelial growth factor (VEGF)-VEGFR2 signaling, expression of
Notch ligand DLL4 is increased. DLL4 signaling via Notch receptors in adjacent cells represses DLL4 and
VEGFR2 expression and up-regulates VEGFR1 and Jagged1 expression, enforcing the stalk cell identity of
neighboring cells and preventing unregulated tip cell sprouting. Jagged1 expression in neighboring stalk cells
inhibits DLL4-Notch signaling in the tip cell, further stabilizing tip/stalk identity in the local area. (Right) Distal
to the leading tip cell, stalk cells that receive lower levels of DLL4-Notch signaling and highly express VEGFR2
retain the ability to respond to VEGF stimulation and adopt tip cell identity. Upon VEGF stimulation, these cells
may compete with the previously specified tip cell for position at the leading edge of the vascular front.
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sprouting. While the VEGF-VEGFR-DLL4-
Notch-VEGFR feedback loop may appear to sta-
bly reinforce tip/stalk patterning, live imaging has
shown that stalk cells dynamically migrate and
replace tip cells throughout angiogenesis, termed
tip-stalk shuffling (Jakobssonet al. 2010). The tip/
stalk feedback loop results in stabilization of tip/
stalk identity in the cells immediately surround-
ing the newly specified tip cell, where high Notch
signaling in stalk cells prevents theVEGF respon-
siveness that induces a tip cell phenotype (Pontes-
Quero et al. 2019). However, as Notch signaling
decreases in stalk cells distal to DLL4-expressing
tip cells, stalk cells are permitted to differentiate,
migrate, and compete for a tip cell position in
response to VEGF stimulation (Jakobsson et al.
2010; Arima et al. 2011).

While ECs are engaged in competition dur-
ing tip/stalk shuffling and stalk cells are prolifer-
ating to support the elongationof thenewsprout,
mural cells also proliferate prior to recruitment
to the nascent vasculature. For a sprout to de-
velop into a new, functional blood vessel, theECs
making up that sprout must recruit mural cells
such as pericytes or vascular smoothmuscle cells
(vSMCs) to reinforce and provide the cues re-
quired for that vessel to mature and lumenize.
While vSMC are generally classified as associat-
ing with large and medium caliber vessels, and
pericytes with capillaries, these cell types should
be characterized along a continuum, exhibiting a
gradual change inmorphologyas the vasculature
progressively branches into smaller vessels
(Sinha and Santoro 2018; Vanlandewijck et al.
2018). Mural cells are thought to derive primar-
ily frommesenchymal and neural crest cells, but
there may be heterogeneity in their origin, with
some pericytes reported to derive from differen-
tiated macrophages in the embryonic brain
(Yamamoto et al. 2017). During angiogenesis,
pericytes are recruited to the developing vessel
by endothelial tip cell secretion of platelet-de-
rivedgrowth factorB (PDGF-B), initially localize
adjacent to the tip cell, and keep pace with the
sprout as it extends andmigrates, contributing to
the regulation of angiogenic sprouting (Chang
et al. 2013; Payne et al. 2019).

Following pericyte recruitment to the im-
mature vasculature, pericytes and ECs engage

directly via receptor-ligand binding that facili-
tates their endothelial–pericyte cross talk and
coordination. Pericyte association with angio-
genic vasculature helps to regulate proper blood
vessel patterning by contributing to the control
of vessel regression and pruning via endosialin,
and coverage of blood vessels by pericytes marks
the end of the window of blood vessel remodel-
ing, leading to stabilization of the vessels and EC
quiescence (Benjamin et al. 1998; Simonavicius
et al. 2012). Pericyte-derived ANG1 is involved
in the stabilization of capillaries and promotes
their quiescence as well as limiting permeability
by signaling through endothelial TIE2 (Thur-
ston et al. 1999; Wakui et al. 2006; Falcón et al.
2009). Intriguingly, JAG1, which is expressed
by stalk cells, likely interacts with pericyte-
expressed NOTCH3, promoting pericyte differ-
entiation and contributing to the proangiogenic
program induced by pericytes (Liu et al. 2009).
The recruitment and retention of pericytes me-
diated by endothelial–pericyte signaling con-
tributes to the stabilization of the structure as
the vascular tube undergoes lumenization and
begins to transport blood by contributing ele-
ments of the vascular basement membrane,
stimulating endothelial junction formation,
and regulating appropriate vessel diameter and
tone (Hellström et al. 2001; Stratman et al. 2009;
Armulik et al. 2010; Daneman et al. 2010; Zhao
and Chappell 2019).

ARTERIAL-VENOUS SPECIFICATION
AND DEVELOPMENT OF THE MATURE
VASCULAR TREE

In many organs, the initial phase of sprouting
angiogenesis leads to a primary vascular plexus
consisting of numerous small vessels of similar
diameter formed into a mesh-like network with
relatively uniform spacing of vessel branches
(Udan et al. 2013). For optimal blood flow and
tissue oxygenation, this plexus must be remod-
eled into a mature vascular tree consisting of
arteries to deliver blood from the heart to distal
tissues, veins to return blood to the heart, and an
intervening capillary bed that provides diffusion
of gases and nutrients. Each of these vessel types
are characterized by ECs with distinct morphol-
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ogy, transcriptomes, and behaviors (dela Paz and
D’Amore 2009). In arteries, where bloodflow cre-
ates strong and pulsatile shear stress, ECs respond
by elongating, polarizing against the direction of
flow, and recruitingvSMCsfor structural support.
Capillary ECs flatten to allow increased perme-
ability and recruit pericytes, a specialized mural
cell type that interacts tightlywith endotheliumto
regulate quiescence and vessel diameter. In veins,
ECs are relatively unpolarized but form special-
ized valve structures to prevent backward blood
flow. Depending on the organ, a wide variety of
other specialized vessel structures may form, in-
cluding postcapillary venules, which permit im-
mune cell extravasation, the blood–brain barrier,
which protects neural tissues, liver sinusoids,
which participate in blood detoxification, and
bone marrow sinusoids, which support hemato-
poietic development (Daneman and Engelhardt
2017;Watson and Adams 2018; Koch et al. 2021;
Vella et al. 2021).

In mature vasculature, Notch signaling is
high in arteries and much lower in veins and is
required for mature arterial endothelial behav-
ior, including polarization and cell-cycle sup-
pression (Villa et al. 2001; Roca and Adams
2007). Notch restriction to arterial vessels is
thought to be enforced by a reciprocal negative
feedback loop with COUPTFII, a transcription
factor that is highly expressed in veins (Swift
and Weinstein 2009; Chen et al. 2012; Fang
and Hirschi 2019). While this feedback loop is
self-reinforcing, it also retains a degree of plas-
ticity. For example, in response to increased
blood flow, venous ECs activate Notch signaling
and assume increasingly arterial transcriptional
and morphological characteristics (Fang et al.
2017; Mack et al. 2017). Ectopic up-regulation
or down-regulation of Notch signaling through-
out the vasculature leads to increased arterial or
venous specification of capillaries, respectively,
resulting in formation of arteriovenous malfor-
mations, where capillaries are transformed into
abnormal larger-caliber vessels that shunt blood
directly between arteries and veins (Uyttendaele
et al. 2001; Krebs et al. 2010; Murphy et al. 2014;
Nielsen et al. 2014).

Prior to the formation of the mature vascu-
lar tree, Notch signaling is central to distinct

steps of EC fate decisions. During mouse em-
bryogenesis, loss of both of the Notch proteins
expressed in ECs, NOTCH1 and NOTCH4, re-
sults in formation of a rudimentary and reduced
vasculature—ECs form into primitive cords, but
fail to properly form lumens or mature into pat-
ent vessels (Krebs et al. 2000). Similarly, com-
plete loss of the Notch ligand Dll4 or Notch
transcriptional cofactor Rbpj leads to reduced
and abnormal vascular formation (Duarte et
al. 2004; Krebs et al. 2004). When Notch sig-
naling is partially reduced by removing one
copy of Dll4 or Rbpj in mouse embryos or ex-
pressing a dominant-negative form of Rbpj in
zebrafish embryos, ECs are capable of forming
vessels, but arterial differentiation is lost (Law-
son et al. 2001; Duarte et al. 2004; Gale et al.
2004; Krebs et al. 2004), confirming the critical
role for Notch signaling in arterial development.
Arteriovenous malformations are common in
these embryos, indicating that embryonic capil-
laries become respecified to a more venous fate
in the absence of Notch signaling.

Closer examination of Notch signaling in
the angiogenic plexus has uncovered potential
mechanisms by which Notch contributes to ve-
nous/arterial EC fate decisions. As a primitive
vascular plexus remodels, arteries and veins de-
velop via different cellular behaviors. Live imag-
ing in zebrafish and lineage tracing in the mouse
retina have revealed that veins grow via mitosis
of resident ECs, while arteries are largely non-
mitotic (Fig. 2; Xu et al. 2014). Growth of arter-
ies is largely driven by addition of plexus ECs,
which migrate against the direction of flow and
incorporate into the developing artery, extend-
ing it. When either DLL4-Notch signaling or all
Notch signaling is blocked in individual ECs, tip
cells fail to up-regulate the migratory gene
Cxcr4a or incorporate into developing arteries,
and instead accumulate in the plexus (Hasan
et al. 2017; Pitulescu et al. 2017; Luo et al.
2021). Conversely, loss of Jag1 from individual
ECs results in depletion of those cells from the
entire vascular bed (Pitulescu et al. 2017).

While the specification of venous and arte-
rial cell fates is perhaps best described when
originating from an immature plexus, some dif-
ferentiated veins retain the ability to restart the
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endothelial developmental program and acquire
nonvenous fates (Red-Horse et al. 2010). Single-
cell characterization of the developing heart vas-
culature reveals that the sinus venous, which was
presumed to have fully venous specification,
contains a subpopulation of resident ECs that
sprout into a new vascular plexus that rediffer-
entiates to form the coronary arteries and
capillaries (Su et al. 2018). This prespecified en-
dothelial population expresses Dll4 and their
plexus formation could be blocked byCoupTFII,
suggesting that these cells retain a Notch signal-
ing status more typical of arterial endothelium.

Recent work has shown that a major mech-
anism bywhichNotch signaling induces arterial
fate in plexus ECs is by controlling the cell cycle

(Fig. 2). In cultured ECs, Notch signaling sup-
presses proliferation (Sainson et al. 2005). Anal-
ysis of Notch in retinal vasculature has revealed
highly dosage-dependent functions: very high
Notch signaling leads to rapid cell-cycle arrest,
very low Notch signaling leads a brief period of
mitosis followed by cell-cycle arrest, and only
intermediate levels of Notch signaling permitted
ongoing endothelial proliferation (Pontes-
Quero et al. 2019). Individual high-Notch cells
in an otherwise normal context were biased
against venous cell fates, as predicted by the
Notch/CoupTFII feedback loop described
above, but those cells that incorporated into
veins showed appropriate expression of venous
morphology and markers, including the up-reg-

Mitotic

Vascular plexus

Notch
signaling

CoupTFII

Proliferation

VeinsArteries

Arrest

Figure 2. Arterial/venous differentiation from the vascular plexus. Arterial endothelial cells (ECs) (left) express
Notch proteins, while venous ECs (right) have low Notch expression and high CoupTFII expression. CoupTFII
drives endothelial proliferation in venous endothelium, extending the vein and contributing cells to the growing
vascular plexus (top). Stalk cells in the vascular plexus experience high levels of Notch signaling, which causes
cell-cycle arrest. High Notch signaling and cell-cycle arrest leads the cell to assume arterial fate, migrate against
the direction of blood flow, and incorporate into the artery.
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ulation of CoupTFII despite high Notch levels
(Luo et al. 2021). In the forming vasculature,
Notch signaling functioned to suppress Myc
expression and activate cell-cycle inhibitor
CDKN1B, leading to loss of proliferative capac-
ity typical of arterial cells, and loss of Myc or
reexpression of CDKN1B was sufficient to drive
ECs toward arterial fates (Fang et al. 2017;
Luo et al. 2021). Conversely, overexpression of
CoupTFII in the developing plexus increases the
expression of cell-cycle genes and prevents arte-
rial differentiation, but this blockade does not
reduceNotch signaling and arterial specification
can be restored by treatment with a cell-cycle
inhibitor (Su et al. 2018). These data suggest
that Notch-induced cell-cycle arrest induces
previously undifferentiated ECs to assume arte-
rial fates, and the Notch/CoupTFII transcrip-
tional feedback loop becomes established after
that initial differentiation. These studies high-
light the importance of proper dosage and spa-
tial and temporal regulation of Notch signaling
in the regulation of angiogenesis.

LYMPHATIC VASCULAR CELL FATE
STEPS CONTROLLED BY NOTCH
SIGNALING

Proper function of the lymphatic vasculature is
critical for survival, as the lymphatic system
functions in tissue fluid homeostasis, in the ab-
sorption of lipids from the digestive tract, and to
recover fluid from tissues and return it to the
blood circulatory system. Pathophysiological
functions of the lymphatic vasculature include
wound resolution, inflammation, and metasta-
sis of tumor cells. Lymphatic vascular develop-
ment and lymphangiogenesis requires cell fate
decisions. The Notch signaling pathway plays
essential regulatory roles in determining cell
fates in multiple lymphatic cell fate decisions
(Harvey and Oliver 2004; Oliver and Srinivasan
2010), in particular, the differentiation of lym-
phatic ECs (LECs) from venous endothelium
during lymphatic specification, during LEC
stalk versus tip cell differentiation, during
sprouting lymphangiogenesis, and lymphatic
duct versus valve specification during lymphatic
maturation.

DEVELOPMENT OF THE LYMPHATIC
VASCULATURE

The lymphatic system was initially hypothesized
to derive from venous endothelium through ob-
servations made by Florence Sabin (Sabin 1902)
and its venousoriginhas been confirmed through
lineage-tracing studies (Srinivasan et al. 2007).
The lymphatic regulator Prox1 is initially ex-
pressed in select venous ECs in the anterior cardi-
nal vein, committing these cells to the LEC fate in
murine embryonic development soon after the
arterial-venous system forms (Wigle and Oliver
1999; François et al. 2008; Srinivasan et al. 2010).
Prox1expressionisdependentuponthetranscrip-
tion factors COUPTFII and SOX18 (Wigle and
Oliver 1999; François et al. 2008; Srinivasan et al.
2010). Inmouseembryos fromembryonicday (E)
11.5–12.5, the LEC progenitor cells migrate dor-
solaterally from the cardinal vein to form primi-
tive lymph sac structures (Fig. 3; Oliver 2004;
Maby-El Hajjami and Petrova 2008; Oliver and
Srinivasan 2010; Tammela and Alitalo 2010;
Schulte-Merker et al. 2011). The sprouting of the
nascentLECs requiresVEGFR3 expressionby the
LECs and expression of the VEGFR3 ligand,
VEGFC, by mesenchymal cells (Karkkainen et
al. 2004). FromE12.5 toE14.5, lymph sacs initiate
sprouting lymphangiogenesis and form a lym-
phatic plexus (Oliver 2004; Maby-El Hajjami
and Petrova 2008; Oliver and Srinivasan 2010;
Tammela and Alitalo 2010; Schulte-Merker et al.
2011).The initial lymphaticplexusundergoes fur-
therremodelingandmaturation intosmaller lym-
phatic capillaries, intermediate precollecting ves-
sels, and larger collecting vessels (Oliver 2004;
Maby-El Hajjami and Petrova 2008; Oliver and
Srinivasan 2010; Tammela and Alitalo 2010;
Schulte-Merker et al. 2011). SMCs are recruited
to stabilize collecting vessels, and specialized
valves begin to form in growing collecting vessels
late duringmurine embryonic development. The
periodically placed lymphatic valves are essential
tomaintainaunidirectionalflowof lymph(Oliver
2004; Maby-El Hajjami and Petrova 2008; Tam-
mela and Alitalo 2010; Schulte-Merker et al.
2011).Thus, thedifferentiated lymphatic vascular
system is functional at timeofbirth andcontinues
to expand along with tissue growth postnatally.
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TRANSCRIPTIONAL REGULATION OF
LYMPHATIC SPECIFICATION BY NOTCH
SIGNALING

Lymphatic specification in venous ECs begins at
E9.5–E10,marked by expression of the lymphat-
ic master regulator Prox1 in veins in a polarized
fashion (Wigle and Oliver 1999). Transcription
factors SOX18, COUPTFII, and NOTCH1 have

been shown to regulate Prox1 expression during
lymphatic specification (François et al. 2008;
Kang et al. 2010; Srinivasan et al. 2010; Murto-
maki et al. 2013). Sox18, a member of the SRY-
related HMG domain family of transcription
factors, is expressed in both venous and arterial
vasculature (François et al. 2008), whereas
CoupTFII, an orphannuclear hormone receptor,
is expressed in venous vasculature (Srinivasan

Jagged-Notch
high

Prox1
high

Lymphatic
endothelial cell

Lymphatic valve

Prox high
Notch high nuclei

Prox low
nuclei

Lymphatic EC budding
E10.5–11.5

Cardinal vein
E9.0–10.5

Figure 3. Acquisition of lymphatic endothelial and lymphatic valve cell fates. (Top) During murine embryonic
development, Prox1-expressing cells form in the cardinal vein (right side on schematized vein) and bud to form a
sprout that initiates lymphatic development. Notch1 and Jagged1-expressing cells are located at the opposite side
of the vein from Prox1-expressing cells and loss-of-function experiments demonstrate that Notch suppresses
Prox1 expression, assuring proper lymphatic development. (Bottom) Lymphatic vasculature consists of capil-
laries that collect fluid, which is directed through lymphatic ducts containing valves that assure unidirectional
flow. During initial development of lymphatic valves, lymphatic endothelial cells (ECs) express high levels of
Prox1 and have highNotch signaling, and loss of Notch1 or canonical Notch signaling prevents proper lymphatic
valve development.
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et al. 2010). Sox18 andCoupTFII have both been
shown to be necessary for induction of Prox1
expression in LEC progenitor cells in the cardi-
nal vein (François et al. 2008; Srinivasan et al.
2010).

During development of the mouse embryo,
Notch1 is expressed in a largely polarized fashion
in the cardinal vein at E9.75, in a pattern oppos-
ing that of Prox1 expression (Fig. 3; Murtomaki
et al. 2013). The polarized and opposing expres-
sion patterns of Notch1 and Prox1 has led to the
hypothesis thatNotch1 and Prox1 play opposing
roles in the process of lymphatic specification.
Activated Notch and COUPTFII are not coex-
pressed in the hemisphere of the cardinal vein
where PROX1+ LEC progenitors originate
(Murtomaki et al. 2013) and Notch signaling is
critical to transcriptionally suppress Prox1 ex-
pression (Kang et al. 2010; Murtomaki et al.
2013). This arrangement is consistent with a
mechanism in which Notch does not drive lym-
phatic specification but instead represses Prox1
by suppressing CoupTFII. In cultured human
dermal LECs (HDLECs), Notch initially induces
Hey1 and Hey2, which then mediates the sup-
pression of Prox1 (Kang et al. 2010; Murtomaki
et al. 2013). A negative feedback loop involving
Notch, Prox1, and CoupTFII has been demon-
strated (Kang et al. 2010). Notch, via its effectors
HEY1 and HEY2, suppresses CoupTFII as well
as Prox1 (Kang et al. 2010). Meanwhile, PROX1
and COUPTFII suppress VEGFR2 (Kang et al.
2010), which is a well-known inducer of DLL4/
Notch signaling in blood ECs, as described
above. This negative feedback loop appears to
facilitate LEC fates and suggests plasticity be-
tween blood and LEC identities (Kang et al.
2010). Notch signaling does not suppress
Prox1 expression in all EC types; for instance,
Notch activation in cultured human umbilical
venous ECs (HUVECs) modestly but signifi-
cantly induced Prox1 transcript levels (Geudens
et al. 2010).

Notch has a central role in the early develop-
ment of both blood and lymphatic vascular
systems in the model organism zebrafish. In ze-
brafish, partial silencing of dll4, notch-1b, or
notch-6 blocked thoracic duct formation, while
largely preserving blood vascular development

(Geudens et al. 2010). This reduced thoracic
duct development appears to be partly due to
defects in parachordal lymphangioblast forma-
tion, which are LEC progenitor cells (Geudens
et al. 2010). In the mouse, LEC-specific loss of
Notch1 at E9.75 using a Prox1CreERT2 driver
mouseorLEC-specific inhibitionof all canonical
Notch signaling by expressing a dominant-neg-
ative version of Mastermind-like (DN-MAML)
results in an increase of PROX1+LECprogenitor
cells within the cardinal vein and defects in seg-
regation of venous and lymphatic cells E14.5
(Murtomaki et al. 2013). In contrast, LEC-specif-
ic activation of NOTCH1 suppresses CoupTFII
and Prox1 expression in the embryonic cardinal
vein, resulting in fatal edema by E15.5 (Murto-
maki et al. 2013).

NOTCH REGULATION OF SPROUTING
LYMPHANGIOGENESIS; CONTROLOF
TIP-STALK FATE IN LYMPHATICS

After migration of LEC progenitors out of the
cardinal vein to form the primitive lymph sacs,
sprouting lymphangiogenesis drives the forma-
tion of the initial lymphatic plexus (Ma and Oli-
ver 2017). Lymphatic sprouting is controlled by
signaling mediated by VEGFR3 expressed by
LECs and in response to VEGFC in mesenchy-
mal cells. VEGFR3 expression is also observed in
the blood vasculature during early development
(Dumont et al. 1998), but is critical during de-
velopment at sites of active sprouting lymphan-
giogenesis (Jakobsson et al. 2009; Thomas et al.
2013). VEGFR3 expression becomes prominent
in the lymphatic vasculature later in develop-
ment and in adult animals (Jakobsson et al.
2009; Thomas et al. 2013).

As discussed above, VEGFR2 and Notch
function in a feedback loop that underlies the
process of sprouting angiogenesis (Hellström
et al. 2007; Lobov et al. 2007; Suchting et al.
2007; Jakobsson et al. 2009; Thomas et al.
2013), and considering the similarities between
blood and lymphatic sprouting angiogenesis, it
can be hypothesized that VEGFR3 and Notch
may be involved in a similar feedback loop dur-
ing sprouting lymphangiogenesis. Notch and
VEGFR3 cross-regulation in the blood and lym-
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phatic vasculature has been demonstrated in a
variety of settings, but the regulation appears to
be context dependent (Jakobsson et al. 2009;
Thomas et al. 2013). In the blood vasculature
of zebrafish and mice, Notch suppresses Vegfr3
(Siekmann and Lawson 2007; Tammela et al.
2008; Hogan et al. 2009; Benedito et al. 2012)
expression, but it has also been reported that
Notch induces Vegfr3 (Shawber et al. 2007;
Napp et al. 2012) in other studies. Thus, Notch
regulates sprouting lymphangiogenesis but may
play both prolymphangiogenic (Geudens et al.
2010; Niessen et al. 2011) or antilymphangio-
genic roles, depending on the model system
used and the context of analysis. Some have re-
ported that Notch activation induces Vegfr3
transcription (Geudens et al. 2010; Murtomaki
et al. 2013), whereas others found no change in
VEGFR3 levels upon Notch activation (Niessen
et al. 2011; Zheng et al. 2011). Studies in which
Notch effectorsHEY1 andHEY2were ectopical-
ly expressed, however, have consistently shown
reduced Vegfr3 transcripts (Kang et al. 2010;
Murtomaki et al. 2013). We assume that context
can control the level of negative feedback but the
conditions for this difference are not well under-
stood. We note that the methods in these diver-
gent studies differ in use of Notch inhibitors; for
example, neutralizing antibodies were used in
the studies reported by Niessen et al. (2011),
whereas a DLL4 decoy was used by Zheng et al.
(2011). Thus, further study is needed to better
understand the regulatory relationship between
Notch signaling and VEGFR3 signaling.

Studies of the relationship between Notch
and VEGFR3 in cultured HDLECs revealed
that Notch and its downstream effectors
HEY1/HEY2 transcriptionally regulate Vegfr3
in opposing manners (Murtomaki et al. 2013).
This suggests that Notch directly induces Vegfr3
as a rapid transcriptional response, while also
elevatingHey1 andHey2 levels, direct transcrip-
tional targets of Notch signaling (Murtomaki
et al. 2013). As HEY1 and HEY2 levels increase
in response to Notch activation, Vegfr3, a
target of HEYs, is subsequently suppressed
(Murtomaki et al. 2013). Thedynamic transcrip-
tional response of Vegfr3 may be central to
regulating sprouting lymphangiogenesis by de-

fining lymphatic tip and stalk cells (Murtomaki
et al. 2013).

A ROLE FOR NOTCH IN LYMPHATIC
MATURATION BY REGULATION OF
LYMPHATIC VALVE CELL FATE DECISIONS

Thematuration and remodeling of the lymphat-
ic system lead to the formation of a fully func-
tional hierarchy of small lymphatic capillaries,
intermediate lymphatic precollectors, and large
lymphatic collecting ducts. Critical to a func-
tioning lymphatic system is formation of lym-
phatic valves (Bazigou et al. 2009; Sabine et al.
2012; Murtomaki et al. 2014). Initial lymphatic
valve formation begins at E15.5 during murine
embryonic development with clusters of high
PROX1 (Prox1high) and FOXC2 expressing
LEC in lymphatic vessels at sites where lymphat-
ic valves will form. Soon after, there is local
deposition of the matrix proteins laminin α5
and fibronectin-EIIIA (FN-EIIIA) at the clusters
of Prox1high cells. VEGFR3, matrix adhesion
protein integrin α9, the gap junction protein
connexin 37, and calcineurin are also highly ex-
pressed and thought to be critical for valve mat-
uration (Bazigou et al. 2009; Sabine et al. 2012;
Murtomaki et al. 2014).

Analysis of NOTCH1 expression during
lymphatic valve formation and maturation
shows that NOTCH1 is highly expressed in lym-
phatic valves by E18.5, colocalizing with other
valve markers such as VEGFR3 and integrin α9
(Murtomaki et al. 2014). Examination of Notch
signaling using a transgenic Notch signaling re-
porter mouse demonstrates high levels of Notch
signaling in lymphatic valve ECs when VEGFR3
and integrin α9 are up-regulated in forming
valves. These lymphatic valve driversmay them-
selves be regulated byNotch, asNotch activation
in HDLECs transcriptionally induces integrin
α9, FN-EIIIA, and connexin37, while FOXC2
and calcineurin transcripts are not significantly
changed (Murtomaki et al. 2014).

To determine the functional role of
NOTCH1 and Notch signaling in lymphatic
valve formation, LEC-specific loss of Notch1
(dependent on Prox1CreERT2) or LEC-specific
inhibition of all canonical Notch signaling
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(DN-MAML) between E13.5 and E15.5 was
used. The genetic loss of eitherNotch1 or canon-
ical Notch signaling results in an increase of
LECs with high Prox1high expression in lym-
phatic vessels during the time when lymphatic
valves are forming. Analysis of the nascent lym-
phatic valves reveals defective reorientation and
clustering of Prox1high LECs at putative valve
sites. Loss of Notch signaling leads to decreased
expression of valve markers, or fewer prospec-
tive lymphatic valve cells (Murtomaki et al.
2014). In conclusion, Notch functions as a pos-
itive regulator of lymphatic valve formation,
highlighting an additional key cell fate step in
lymphatic vascular development driven by
Notch signaling.
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