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he concept of an endothelial ‘tip cell’,
Tthat leads the charge of a new vascular
sprout, has captured the imagination of
vascular biologists. The introduction of the tip
cell concept allowed us to understand better
the initial steps of sprouting angiogenesis
(Gerhardt et al, 2003). This has spurred
research at both academic and industry labs
to harness knowledge of tip cell biology in
order to manipulate tumour vasculature.
Endothelial tip cells communicate with their
neighbouring endothelial ‘stalk’ cells through
a complex network of dominant and feed-
back signalling pathways that regulate endo-
thelial growth and differentiation (Thurston &
Kitajewski, 2008). Tissue-derived VEGF pro-
motes Notch ligand expression on endo-
thelial tip cells, which then activate Notch
and regulate VEGF receptors to define the
endothelial stalk cell (Phng & Gerhardt,
2009). This cellular communication mecha-
nism does not occur in a vacuum. Instead,
the differentiation of endothelial tip cells
occurs in a matrix and multicellular milieu
that | refer to as the ‘tip cell microenviron-
ment’. The Mettouchi group, earlier this year,
and the Gerhardt lab—in this issue of EMBO
reports—address how the basement mem-
brane regulates tip cell behaviour (Estrach
etal, 2011; Stenzel et al, 2011).
Approximately four decades ago, anato-
mists described the accumulation and
arrangement of endothelial basement
membrane material, and related the
observed structural changes to distinct
stages of sprouting angiogenesis (Bar &
Wolff, 1972). It was suggested that—during
intensive capillary sprouting—“basement
membrane plays a role in regulating differ-
entiation and mitotic division of the adja-
cent cells” (Bar & Wolff, 1972). Two
fascinating new reports address this long-
held speculation. The Mettouchi group
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Endothelial laminins underlie the tip
cell microenvironment

describe the role of basement membrane
components on cultured endothelial cell sig-
nalling (Estrach et al, 2011), whereas the
Gerhardt lab pursued genetic analysis of
mice deficient in laminin a4 to demonstrate
a role for basement membrane in tip cell
behaviour (Stenzel et al, 2011).

Biochemical and cellular analyses of
integrins and their extracellular matrix (ECM)
ligands has uncovered a myriad of cell-to-
ECM communications with symphonic clar-
ity (Avraamides et al, 2008). In complex
mammalian tissues, analysing the function of
integrins and their ligands in mutant mice is
much less harmonic and more akin to orches-
tral tuning. In whole animals, looking in the
right place at the right time might make all
the difference. Gerhardt and colleagues
focused on laminin a4 and the heterotrimeric
laminin 411 complex, consisting of laminins
a4, 1 and y1. Laminin a4 mutant mice are
born anaemic due to embryonic bleeding
and show aberrant responses during patho-
logical angiogenesis (Thyboll et al, 2002). By
focusing on retinal angiogenesis, they found
that laminin a4 is most strongly expressed in
the leading tip cell. The phenotype of lam-
inin a4 mutant mice suggested a link to
Notch, as these mutant retinas have increased
vascular density and excessive branching.

Exploring the link between Notch and
laminin a4, Gerhardt and colleagues pro-
pose that laminin a4 regulates DIl4 in vivo,
a regulation previously documented in cul-
tured endothelial cells (Estrach et al, 2011).
One subtle difference between the two stud-
ies addressing this hypothesis is that Stenzel
and colleagues demonstrate regulation of
Dll4 levels by laminin 411 both in vitro and
in vivo, whereas Estrach and colleagues
find that cultured human endothelial cells
respond to laminin 111. In mice, laminin 411
is crucial, as shown from genetic analysis of
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laminin a4 mutant mice (Stenzel et al, 2011).
Laminin 411 induced the expression of both
DII4 and Veegfr-2 transcripts in mouse bEND5
endothelial cells, and blocking VEGFR-2
activity reduced laminin-411-mediated DIl4
induction (Stenzel et al, 2011). Interestingly,
in mosaic embryoid bodies containing wild-
type and laminin a4-mutant embryonic stem
cells, wild-type cells take over the role of
basement membrane formation.

Using human umbilical venous endo-
thelial cells (HUVEC)—commonly used for
in vitro modelling of angiogenesis—Estrach
and colleagues uncovered a laminin-
mediated, integrin signalling pathway that
promotes DIl4 expression. Integrin a2p1
acts as a laminin receptor that suppresses
endothelial cell proliferation, as does DIl4/
Notch signalling. Overexpression of DIl4
in HUVEC reduced endothelial prolifera-
tion on fibronectin, an effect reminiscent of
HUVEC grown on laminin. Conversely, DIl4
knockdown partly rescued the minimal cell
proliferation seen when HUVEC are grown
on laminin. This implies that laminin affects
DIl4, which activates Notch signalling lead-
ing to suppression of endothelial prolifera-
tion. In HUVEC, integrin a2 is a key adhesion
receptor for laminin and was also found to be
required for DI14 induction by laminin. Thus,
one can propose that laminin induces DIl4
using integrin a2p1-mediated signalling.
Which transcriptional pathway mediates
this DIl4 induction? Although the upstream
sequence of DII4 is full of potential transcrip-
tion regulatory elements, previous studies
highlighted FoxC2 as an important regula-
tor of DIl4 in arterial endothelium. This also
seems to be the case in cultured HUVEC,
where FoxC2 is transiently and specifically
induced by laminin, and its knockdown
results in impaired induction of DIl4 by lam-
inin. Further strengthening the argument for
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Fig 1 | The tip cell microenvironment. Endothelial tip cells respond to both VEGE through VEGFR-2,
and laminin, through integrin a2f1 and a6p1. VEGF and laminin-mediated signals induce D114, which

activates Notch proteins in neighbouring stalk cells. Other regulators of basement membrane components

that act in the tip cell microenvironment include macrophages, neurons and pericytes.

this circuitry, the Mattouchi lab show that
knockdown of integrin a2 impairs the induc-
tion of FoxC2 by laminin. This model posits
that laminin promotes integrin a2p1 signal-
ling, thereby inducing FoxC2, a transcrip-
tion factor that induces DII4, thus activating
Notch signalling. Whether FoxC2 acts in
parallel with the VEGFR-2 pathway to induce
Dll4 is not clear.

How does the laminin-integrin—DIl4/
Notch axis work during retinal angiogenesis?
The Gerhardt group studied this compre-
hensively by using mouse mutant analysis.
Endothelial cells need a2, a3 and a6 integrins
to interact and adhere to laminins and o2 or
ab to allow for laminin-mediated induction of
DIl4. Turning to the retina, they did not see a
hyper-sprouting (aka Notch-related) pheno-
type in mice with global gene deficiencies for
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integrins a2, a3 or B3. So where does one go
fromthere? Endothelial-specific loss of integrin
B1, a partner for a2 or a6 subunits, resulted
in reduced retinal DIl4 expression and
hypersprouting of mutant retinas. Considering
their previous results implicating laminins in
tip cell phenotypes, this highly informative
outcome brings the model full circle.
Therefore, during sprouting angiogenesis,
tip cells can produce laminins, which in turn
act through integrins to regulate the Notch
signalling pathway. Specifically, murine lam-
inin 411 induces Vegfr-2 and DIl4, which
activates Notch signalling in endothelial cells
(Fig 1). The induction of DIl4 in endothelial
cells requires integrin B1 in vivo, and depends
on integrins a2 or a6 in vitro. Taken together,
DIl4 regulation by laminin 411 probably
involves both a2f1 and a6p1. Thus, tip cells
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influence and respond to a dynamic micro-
environment that determines whether they
will maintain their leading characteristics or
differentiate into their altered state, that of an
endothelial stalk cell. The instruments that
perform in this orchestra are specific base-
ment membrane components, integrins, VEGF
receptors, Notch ligands, Notch proteins and
Notch target genes.

What have we learned about the tip
cell microenvironment? Macrophages—long
known to influence basement membrane
composition—can respond to tip cell signals
designed to activate macrophage Notch pro-
teins (Outtz et al, 2011) and might influence
tip cell behaviour. Furthermore, neurons can
influence the DIl4/Notch pathway. Gu and
colleagues have recently reported that VEGF
controls the expression of plexin D1, the
receptor for semaphorin 3E (Sema3E; Kim
etal, 2011). In the murine retina, plexin D1 is
primarily expressed in endothelial cells at the
front of sprouting blood vessels. Sema3E is
secreted by retinal neurons allowing for
Sema3E-plexin D1 signalling in endothelial
cells. This is yet another regulatory pathway
affecting DIl4 expression, as “gain and loss
of function of Sema3E and Plexin-D1 dis-
rupts normal DII4 expression, Notch activity,
and tip/stalk cell distribution in the retinal
vasculature” (Fig 1; Kim et al, 2011).

With so many conductors directing the
nascent sprout, including basement mem-
brane, macrophages and neurons, in addi-
tion to other endothelial cells, how does the
tip cell keep things straight? That is one of
the marvels of nature.
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