
Netrin-4 activates Endothelial Integrin α6β1

Frederic Larrieu-Lahargue1, Alana L. Welm2, Kirk R. Thomas1,3, and Dean Y. Li1,2,4
1Program in Molecular Medicine, University of Utah, Salt Lake City, UT 84112, USA,
2Department of Oncological Sciences, Huntsman Cancer Institute, University of Utah, Salt Lake
City, UT 84112, USA,
3Division of Hematology, Department of Internal Medicine, University of Utah, Salt Lake City, UT
84112, USA,
4Division of Cardiology, Department of Medicine, University of Utah, 15 N 2030 E, Salt Lake City,
UT 84112-5330, USA.

Abstract
Rationale—Netrin-4 regulates vascular development. Identity of netrin-4 endothelial receptor
and its subsequent cell functions is controversial. We previously demonstrated that the inhibition
of netrin-1 canonical receptors, Unc5B and neogenin, expressed by lymphatic endothelial cells, do
not suppress netrin-4-induced cell signaling and functions. Netrin family members were shown to
signal through a range of receptors, including integrins (such as α3β1, α6β1 and α6β4) in non-
endothelial cells.

Objective—We tested whether integrins are netrin-4 receptors in the endothelium.

Methods and Results—α6β1 integrin is expressed by endothelial cells, and binds Netrin-4 in a
dose dependent manner. Inhibition of α6 or β1 integrin subunits suppresses Netrin-4-induced
endothelial cell migration, adhesion and focal adhesion contact. Netrin-4-stimulated
phosphorylation of Src Kinase Family, effectors of endothelial cell migration, is also abolished by
α6 or β1 inhibition. Finally, Netrin-4 and α6β1 integrin expression colocalize in mouse
embryonic, intestine and tumor vasculature.

Conclusions—α6β1 integrin is a netrin-4 receptor in lymphatic endothelium and consequently
represents a potential target to inhibit netrin-4-induced metastatic dissemination.
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Introduction
Netrins are laminin-like secreted proteins, initially identified as axonal guidance molecules,
which have been since shown to play roles in angiogenesis, lymphangiogenesis and tumor
metastasis. Controversy exists regarding the identity of endothelial receptors mediating these
effects in the vasculature. We and others have reported that the inhibition of netrin-1
canonical receptors, DCC, neogenin, and the Unc5s 1 did not abrogate netrin signaling 2-4

and additional findings have reinforced the idea that a one-to-one relationship between
ligand and receptor is too simplistic: the angiogenic activity of the receptor Unc5B, for
example, has been shown to be modulated by a non-netrin ligand, the extracellular domain
of the Robo4 receptor 5; in non-vascular settings, non-canonical receptors such as A2b,
DSCAM and integrins have been reported to modulate netrin activity in vivo and in
vitro 4, 6-9.

We have previously shown that Netrin 4 stimulates both lymphangiogenesis and tumor
metastasis in vivo 2. Because integrins have also been implicated in these same
processes 10-13, we asked if integrins regulate netrin-4 functions in the endothelium. We
found that netrin-4 binds endothelial α6β1 integrin and that netrin-4-induced lymphatic
endothelial cell (EC) migration, adhesion, focal adhesion contact and phosphorylation of Src
Family kinase (a key element of both integrin signaling and cell migration), are suppressed
by inhibition of α6 or β1. Finally, we show that netrin-4 and α6β1 integrin gene expression
co-localize in vivo.

Materials and Methods
Refer to Online Data Supplement at http://circres.ahajournals.org.

Cell Culture
Human EC are from Lonza.

Human integrin siRNAs were from Qiagen.

Integrin function-blocking antibodies were selected according to Yebra et al4 and were from
Millipore. Netrin-4; VEGF-C and α6; αvβ5; β1 recombinant proteins were from R&D
Systems and Abnova respectively.

In vitro migration assays were performed as previously described2.

Immunoblot and Immunostaining
Experiments were performed using phospho-specific tyrosine 416, total Src Family kinase
(#2101 and 2110 respectively, Cell Signaling Technology) or activated β1 integrin (clone
9EG7, BD Pharmingen), anti LYVE1 (Abcam, ab14917), anti α6 integrin subunit
(Millipore, GoH3), anti netrin-4 (R&D System, AF1132).

Statistical analysis
Data reported as mean ± SEM. Statistical analyses were performed using Statview (SAS)
and standard Student two-tailed t tests. P values of <0.05 (*,#) were defined as statistically
significant.
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Results and Discussion
Netrin-4 activates endothelial α6β1 integrin

The laminin receptors, α3β1; α6β1 and α6β4 integrins, have been shown to induce netrin-1
and netrin-4 stimulated neuronal and epithelial cell migration and signaling 4, 8, 9. qRT-PCR,
direct western-blotting, β1 immunoprecipitation or flow cytometry confirmed that these
same integrins are expressed in ECs (Fig.1A-B and Online I). As shown in figure 1C,
netrin-4 binding to integrin is detected only when the α6 or β1 subunit is specifically
precipitated. Netrin-4 interacts in a dose dependent manner with the α6 or β1 (data not
shown) subunits and with laminin-111 (as previously described) 14, but not with αvβ5 (Fig.
1D), using two distinct binding sites (Online Fig.II). Moreover, netrin-4 enhanced,
remarkably, α6 integrin/laminin-1 interaction (Online Fig.II), confirming both a
cooperative, rather than competitive, interaction with different partners1 and the functional
relevance of the heterotrimer netrin-4/α6β1/laminin-1 as described previously9. Finally, a
robust activation of endothelial β1 integrin by netrin-4 or VEGF-C, detected specifically by
the 9EG7 antibody, (Fig.1E) demonstrates the functional relevance of its interaction.

Netrin-4-induced in vitro effects are α6β1 integrin dependent
We next investigated whether netrin-4-stimulated in vitro EC functions depend on α6β1
integrin. Netrin-4 induces migration, adhesion and focal adhesion, in the presence of
immunoglobulin isotype (IgG); while function-blocking antibodies against α6 or β1, but not
αvβ5, significantly abrogate this induction (Fig.2A, Online IV-VI). VEGF-C-stimulated
lymphatic EC functions are not affected by α6 function-blocking antibodies (Online Fig.III-
VI). Efficient suppression by siRNA of either α6 or β1 subunit similarly inhibits netrin-4-
promoted migration (Fig.2B).

As previously reported 2, netrin-4, as well as VEGF-C, induces in a dose and time dependent
manner in vitro, Src Family kinase (SFK) phosphorylation (Online Fig.VII), an essential
mediator of cell migration and one of the most proximal activated integrin effectors.
Inactivation of α6 or β1 subunits, but not α3, by siRNA or function-blocking antibodies,
suppress netrin-4, but not VEGF-C, -stimulated SFK phosphorylation (Fig.2C),
demonstrating that netrin-4-induced migration and intracellular signaling is α6β1
dependent. The integrin dependency of other the downstream effectors, ERK1/2, PI-3K,
Akt, FAK, Rac1 and RhoA activated by netrin-4 2, 9 remains to be fully evaluated in the
context of VEGFs / α9β1 signaling 15, 16.

Netrin-4 and α6β1 integrin expression colocalize in the vasculature
To determine in vivo expression, we probed mouse E14.5dpc (days post coitum) embryo,
adult intestine and human breast MCF7 tumor with antibodies against netrin-4, α6β1
integrin and the lymphatic marker, LYVE-1. Netrin-4 and α6β1 co-staining was detected in
ECs in all these different tissues (Online Fig.VIII A-I and J-O). Specific integrins regulate
angiogenesis, tumor growth and dissemination. Though nothing is known regarding α6β1
integrin role in lymphangiogenesis, promising results are expected as blockade of α4β1
inhibits tumor lymphangiogenesis and metastasis 12, while α9β1 knockout mice develop
lethal lymphatic defects in correlation with VEGFs-associated processes 17.

Despite the failure of us or others to report any suppression of netrin-induced effects by
inhibition of netrin-1 endothelial canonical receptors, Unc5s, DCC and neogenin, and that
non canonical netrin receptors are employed in non vascular systems 2-4, 7-9, 14, there has
been a singular focus on canonical netrin receptors in the vascular system. Our report is the
first to show binding, functional and expression data indicating that a non canonical netrin
receptor, α6β1 integrin, plays a role in netrin-4 function in the endothelium. This work,
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implicating new non canonical receptors for netrin signaling in the endothelium and a recent
report demonstrating new endothelial ligands for canonical netrin receptors 5 indicates that a
simple view of netrins only interacting with canonical receptors and vice versa in the
vascular system must be reevaluated. Moreover, this data suggests a complexity in netrin
signaling that may partially explain the lack of concordance of phenotypes in mice lacking
canonical netrins or netrin receptors, and encourages investigations of other non-canonical
classes of netrin receptors in the endothelium.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations and Acronyms

EC Endothelial cell

DCC Deleted in colorectal cancer

HUVEC Human umbilical vein endothelial cell

HMVEC-d Human dermal blood microvascular endothelial cell

HMVEC-dLy Human dermal lymphatic microvascular endothelial cell

HUAEC Human umbilical artery endothelial cell

SFK Src Family Kinase

VEGF-C Vascular endothelial growth factor-C

ERK Extracellular signal-regulated kinase

PI-3K Phosphatidylinositol 3-kinase

FAK Focal adhesion kinase

dpc Days post-coitum

CB Coomassie Blue
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Novelty and Significance

What is known

• Netrins are laminin-like secreted proteins. They regulate angiogenesis,
lymphangiogenesis, and tumor metastasis.

• The identity of the endothelial receptors mediating the vascular effects of netrins
remains unclear.

• Non-canonical receptors, such as integrin α6β1 have been shown to modulate
netrin functions in non-vascular context.

What new information does this article contribute

• The α6β1, a laminin-1 receptor, expressed by human lymphatic endothelial
cells, binds netrin-4 on a site different from its laminin-1 interaction domain.

• This interaction regulates netrin-4-induced cell adhesion, migration and focal
adhesion contact, as α6 orβ1 function-blocking antibodies or siRNA abrogate
netrin-4-stimulated effects.

• Both α6 and netrin-4 expression co-localize in vivo.

We previously showed that netrin-4 stimulates endothelial cell function, independently of
netrin-1 canonical receptors Unc5B and neogenin, expressed on the endothelium.
Although netrins interact and signal with non-canonical receptors such as integrins in
non-vascular environment, and mice lacking netrins ligands or canonical receptors
display different phenotypes, no alternative receptors have been identified in the
endothelium. We found that α6β1, previously shown to mediate the effects of netrin-4 in
neuronal cells, is expressed in ECs. It is activated by binding to netrin-4 leading to the
stimulation of paxillin and Src Moreover, netrin-4-induced cell adhesion, migration and
focal adhesion contact formation is inhibited by α6 orβ1 function blocking antibodies or
siRNA. These results demonstrate for the first time not only that netrins can signal, in the
endothelium, using non-canonical receptors such as integrins, but also that netrin /
receptor interaction is far more complex than expected. Because both netrin-4 and α6β1
induce angiogenesis, lymphangiogenesis and metabolism , they represent a potential
targets for preventing tumor dissemination.
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Figure 1. Netrin-4 binds to endothelial α6β1 integrin
(A) Expression of different integrin subunits as well as laminin γ1 was determined in
Human umbilical vein (HUVECs), umbilical artery (HUAECs), microvascular dermal blood
(HMVEC-ds) and microvascular dermal lymphatic (HMVEC-dLys) endothelial cells by
quantitative RT-PCR normalized to brain expression. (B, upper panel) Expression of α6 and
β1 integrin subunits in HMVEC-dLys was confirmed by western blotting (WB). (B, lower
panel). Determination of the α6β1 integrin heterodimer expression in HMVEC-dLys by
sequential immunoprecipitation (IP) and western blotting (IB) with antibodies anti β1
(P5D2, 9EG7, 6S6) and α6 integrin subunits, respectively. (C, left panel)
Immunoprecipitation with anti α6 integrin subunit antibody or its isotype control, followed
by western blotting for netrin-4. Recombinant netrin-4 was used as a positive control (input).
(MM molecular marker). (C, right panel) Pulldown between α6 or β1 -GST recombinant
fusion proteins in the absence or presence of netrin-4, followed by netrin-4 western blotting.
(D) Binding of netrin-4 (0.001 to 0.5 μg/ml) to microplate-coated proteins (10 μg/ml each);
laminin-111 (black), α6 (red) or αvβ5 (blue) integrin was determined by ELISA. Three
separate experiments were done in duplicate. (E) Activation of β1 integrin subunit was
determined by seeding HMVEC-dLys on control (buffer only), netrin-4 or VEGF-C (1 μg/
ml each) –coated wells for 5 or 30 minutes followed by western blotting using the anti β1
integrin antibody (9EG7) which recognizes specifically its active conformation. Total src
and coomassie blue staining of the membranes served as loading controls.
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Figure 2. Netrin-4-induced HMVEC-dLy migration and Src Family Kinase phosphorylation
depends on α6β1 integrin
(A) Chemotactic effects of netrin-4 (0.5 μg/ml) on HMVEC-dLys in Boyden chamber
assays in the absence (-) or presence of an isotype control (IgG), α6 (left panel, 10 to 40 μg/
ml) or β1 (right panel, 20 μg/ml) function-blocking antibodies. (B) HMVEC-dLys were
transfected with anti α6 (left panel) or anti β1 integrin subunits (middle panel) siRNA.
Silencing score was quantified by qRT-PCR and compared to control (Ctrl) siRNA
transfected condition. Control or integrin subunits-transfected HMVEC-dLys underwent in
vitro migration (right panel) stimulated by netrin-4 (0.5 μg/ml). (C, upper panels) α6 or β1
siRNA expression inhibits netrin-4 but not VEGF-C (1 and 5μg/ml, respectively, for 15
minutes) –induced SFK phosphorylation (Y416) as observed in control or α3 siRNA-
transfected HMVEC-dLys; Inhibition of netrin-4 but not VEGF-C (1 and 5 μg/ml, for 15
minutes)-induced SFK phosphorylation (Y416) is observed using α6 or β1, but not isotype
control (IgG) or α3 function blocking antibodies (40 μg/ml) (lower panels). Experiments
were at least performed in triplicate and change in phosphorylation (Y416) over total SFK
determined using Image J and graphed as fold change over respective controls (right panels).
(*; no growth factor control condition, #; growth factor and antibody condition. P<0.05).
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