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MAP4K4 regulates integrin-FERM
binding to control endothelial cell motility
Philip Vitorino1, Stacey Yeung1, Ailey Crow1, Jesse Bakke2, Tanya Smyczek1, Kristina West3, Erin McNamara3,
Jeffrey Eastham-Anderson4, Stephen Gould3, Seth F. Harris5, Chudi Ndubaku6 & Weilan Ye1

Cell migration is a stepwise process that coordinates multiple molecular machineries. Using in vitro angiogenesis screens
with short interfering RNA and chemical inhibitors, we define here a MAP4K4–moesin–talin–b1-integrin molecular
pathway that promotes efficient plasma membrane retraction during endothelial cell migration. Loss of MAP4K4
decreased membrane dynamics, slowed endothelial cell migration, and impaired angiogenesis in vitro and in vivo. In
migrating endothelial cells, MAP4K4 phosphorylates moesin in retracting membranes at sites of focal adhesion
disassembly. Epistasis analyses indicated that moesin functions downstream of MAP4K4 to inactivate integrin by
competing with talin for binding to b1-integrin intracellular domain. Consequently, loss of moesin (encoded by the
MSN gene) or MAP4K4 reduced adhesion disassembly rate in endothelial cells. Additionally, a5b1-integrin blockade
reversed the membrane retraction defects associated with loss of Map4k4 in vitro and in vivo. Our study uncovers a
novel aspect of endothelial cell migration. Finally, loss of MAP4K4 function suppressed pathological angiogenesis in
disease models, identifying MAP4K4 as a potential therapeutic target.

Cell migration relies on coordinated engagement and disengagement
of cell–extracellular matrix interactions1. Integrin receptors bind
extracellular matrix ligands and orchestrate cytoskeletal and signal-
ling changes2. The affinity of integrins for extracellular matrix ligands
increases when they bind FERM (4.1 protein, ezrin, radixin, moesin)
domain-containing proteins such as talin3. Once engaged, integrins
cluster into nascent focal complexes and recruit additional proteins,
maturing into long, stable focal adhesions (FAs). As cells migrate,
stable FAs disassembled to enable membrane retraction4.

MAP4K4 and its invertebrate orthologues belong to the Ste20 family
kinases5, which are broadly expressed and affect many biological pro-
cesses, including embryonic development6,7 and inflammation8. MAP4K4
regulates multiple molecular pathways in a context-dependent man-
ner9–12, including integrin biology through unknown mechanisms13,14.

Moesin, ezrin, and radixin comprise the ERM protein family (ERMs)
and are substrates of MAP4K412. Like talin, ERMs contain an amino-
terminal FERM domain that binds transmembrane proteins and a
carboxy-terminal tail that binds actin. Upon phosphorylation, the two
domains dissociate and form a tether between actin and the plasma mem-
brane to regulate cell–cell adhesion, endocytosis, cell polarity, and mi-
tosis15. ERMs localize to retracting membranes in different cell types16,17,
but their role in this context remains unknown.

Here we report the discovery of a novel molecular pathway that reg-
ulates endothelial cell motility. MAP4K4 phosphorylates moesin, which
displaces talin from INTb1 to inactivate b1-integrin and promote FA
disassembly, thereby enabling membrane retraction during endothe-
lial cell migration. We developed chemical inhibitors against MAP4K4
that suppress pathologic angiogenesis in vivo, revealing a new oppor-
tunity to inhibit pathologic angiogenesis.

MAP4K4 enhances endothelial cell membrane retraction
We used a human umbilical vein endothelial cell (HUVEC) sprouting
assay in three dimensional (3D) culture (Extended Data Fig. 1a) to screen
chemical inhibitors against known targets. We found that GNE-220, a

potent and selective inhibitor of MAP4K4 (Supplementary Table 1),
altered HUVEC sprout morphology. On day 1, GNE-220 shifted the
distribution of subcellular protrusion towards longer lengths (.40mm)
and increased total protrusions (Fig. 1a, b, Extended Data Fig. 1b–e,
Supplementary Videos 1 and 2). Furthermore, control samples formed
well-defined sprouts with multiple endothelial cells (red arrows, Fig. 1a),
whereas GNE-220 induced wide and short aberrant structures (red ar-
rowheads, Fig. 1a), probably owing to increased encounter of endothelial
cell membrane protrusions between adjacent sprouts (Supplementary
Videos 1 and 2). Control sprouts grew in length over time, but the
GNE-220 treated structures were significantly shorter than the control
sprouts (Fig. 1a, c). Since GNE-220 also inhibits a few other kinases
(Supplementary Tables 1 and 2), we confirmed that the phenotype of
GNE-220 was mediated by MAP4K4 inhibition by using individual and
pooled siRNA against MAP4K4 (siMAP4K4) and found that knock-
down phenocopied GNE-220 treatment (Fig. 1a, b, Extended Data
Fig. 1f, g). Knockdown with siMAP4K4 did not alter levels of the
closely-related kinases MINK, TNIK, and MAP4K5, nor did knock-
down of these MAP4Ks phenocopy siMAP4K4 (Extended Data Fig. 1h–j).

Although GNE-220 reduced sprout length, the cell numbers and
proliferation remained unchanged (Fig. 1c, Extended Data Fig. 2a–c),
implying that reduced migration, but not proliferation, delays sprout
outgrowth. Consistent with a migration defect, GNE-220 and siMAP4K4
reduced HUVEC scratch wound closure (Extended Data Fig. 2d). Since
inhibition of the DLL4–Notch pathway also alters HUVEC sprout18, we
compared MAP4K4 versus Notch inhibition. While Notch inhibition
increased endothelial cell numbers and proliferation, it did not increase
subcellular protrusions (Extended Data Fig. 2a–c, e, f). Furthermore,
MAP4K4 knockdown did not alter filopodia dynamics (Supplemen-
tary Video 3, Extended Data Fig. 2g), indicating that MAP4K4 and
NOTCH have different functions.

We quantified membrane dynamics by time-lapse imaging of HUVEC
sprouts with fluorescently labelled membranes and nuclei. Control
sprouts exhibited frequent membrane protrusion, retraction, and
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bifurcation (Supplementary Video 3, Fig. 1d). With MAP4K4 knock-
down or inhibition, endothelial cells accumulated long, thin subcell-
ular protrusions (Fig. 1d) owing to reduced retraction frequency and
increased stalling frequency of these protrusions (Figs 1e, 3c). We also
quantified branching events in the subcellular protrusions over 16 h.
MAP4K4 knockdown or inhibition did not change branching fre-
quency but increased protrusion lifetime (Fig. 1f, g), suggesting that
the failure to retract results in the accumulation of normally transient
membrane protrusions.

MAP4K4 regulates vascular development in vivo
Map4k4 knockout (KO) caused embryonic lethality at embryonic day
9.5 (E9.5) due to mesodermal patterning defects7. To assess the role of
MAP4K4 in vascular development, we generated a floxed allele of
Map4k4 (Map4k4fl/fl) (Extended Data Fig. 3a) and crossed it to Tie2-
Cre mice to induce endothelial cell conditional knockout (CKO). Loss
of transcription of the sequence encoded by Map4k4 exon 6 in embry-
onic endothelial cells was confirmed (Extended Data Fig. 3c). Hetero-
zygous CKOs had no apparent defect. However, no live homozygous

CKOs (Map4k4cko/cko) were born, suggesting embryonic lethality (Ex-
tended Data Fig. 3b).

Analysis of E9.5–E17.5 embryos found no apparent defect in
Map4k4cko/cko embryos up to E13.5 (data not shown). At E14.5, ,95%
of Map4k4cko/cko embryos had multifocal oedema and haemorrhage; at
E15.5, haemorrhage and oedema were systemic in all Map4k4cko/cko

embryos, culminating in lethality by E16.5 (Extended Data Fig. 3d).
We then examined vascular patterns in the head skins because vessels
grow from the periphery towards the apex of the skull in a stereotypic
pattern between E13 and E15 (Fig. 2a). At E15.5, while the head skin in
control embryos had little avascular area, large avascular areas were
apparent in Map4k4cko/cko embryos, suggesting delayed vascular devel-
opment (Fig. 2b, c). Although vessel coverage was delayed in Map4k4cko/cko

head skins, endothelial cell number and proliferation were unaffected
(Extended Data Fig. 3e–g), implicating defective endothelial cell migra-
tion. In addition, CKO vessels near the vascular front accumulated long
subcellular protrusions (Fig. 2b, d, Extended Data Fig. 3h, i), recapitu-
lating the in vitro phenotype. Examination of cell–cell junctions with
VE-cadherin staining revealed no difference between control and CKO
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Figure 1 | MAP4K4 regulates endothelial cell membrane dynamics. a, Day 1
and day 4 HUVEC sprouting 3D culture treated with siRNA or GNE-220
and stained with phalloidin (green) and DAPI (blue). Scale bars, 50mm.
b, Long protrusions (.40mm) per bead from 1-day cultures. Each bar
represents mean of four experiments, .10 beads per experiment. c, Average
sprout lengths per bead over time. .10 beads per condition, representative of
three experiments. d, HUVEC sprouts expressing Lck–RFP (yellow), stained
with Hoechst-33342 (blue), and treated with the indicated agents. Scale bar,
10mm. e–g, Quantification of subcellular protrusions dynamics (e), branching
events (f), and branching lifetime (g) from time-lapse videos. e, 13 sprouts
per condition, representative of 3 experiments. f, g, Representing .8 sprouting
event per condition, each sprouting event contained .40 branching events.
a, d, Normal sprouts (red arrows), aberrant structures (red arrowheads),
subcellular protrusions (white arrows), filopodia (white arrowheads) and beads
(asterisks). For all figures, error bars represent standard error of the mean
(s.e.m.); statistical significance between the indicated sample versus control or
between the marked pairs are *P , 0.05, **P , 0.01, ***P , 0.001, or NS,
not significant (P $ 0.05); statistical analysis methods are described in the
Methods section.
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Figure 2 | Map4k4 is essential for vascular development. a, Flat-mounted
head skins immunologically stained for CD31 at the indicated embryonic
stages. b, E15.5 head skins immunologically stained for the indicated markers
(CD31 for endothelial cell, ERG for endothelial cell nuclei) and DAPI for all
nuclei. Left, low magnification images. Right, close-up of tip cells with long
membrane protrusions apparent in the bottom panel (arrows). c, Avascular
areas in E15.5 head skins. Fifteen embryos for control, 14 embryos for CKO.
Representative of 3 experiments, each experiment contained multiple litters
of mice. d, Number of long membrane protrusions (.40mm) along the
vascular edge per mm length of vascular edge. Eight embryos per genotype,
representative of 2 experiments, each experiment contained multiple litters of
mice. e, Flat-mounted retinas stained for isolectin-B4 (vascular marker) at
the indicated postnatal stages (P). f, P7 retinas with the indicated genotypes
stained for isolectin-B4. Left, low magnification images. Right, close-up of
tip cells with long membrane protrusions (arrows). g, Avascular area
normalized to total retina areas. Twelve mice per genotype, representative of
3 experiments, each experiment contained multiple litters of mice. h, Numbers
of long membrane protrusions (.40mm) along the vascular front per
centimetre of vascular front. Six mice for control, 7 mice for iKO, the entire
circumference of each retina was quantified. Representative of two
experiments, each experiment contained multiple litters of mice. Dotted
lines demark avascular areas. Red arrows indicate direction of vascular growth.
Scale bars, 50mm.
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animals (Extended Data Fig. 4a, b). Furthermore, MAP4K4 knockdown
or inhibition did not alter permeability in HUVEC cultures (Extended
Data Fig. 4c).

We then examined the postnatal retinal vasculature, which also de-
velops in a stereotypic manner19 (Fig. 2e). One-day-old pups (P1) born
from Map4k4fl/fl::Rosa26.CreERT2 mice were injected with tamoxifen
to induce Map4k4 KO (iKO) (Extended Data Fig. 4d). Like the embry-
onic head skin, P7 Map4k4iKO/iKO retinal vessels exhibited delayed out-
ward migration and accumulation of long membrane protrusions without
change in endothelial cell proliferation (Fig. 2f–h, Extended Data Fig. 4e, f)
nor pericyte coverage (Extended Data Fig. 4g, h), further indicating
that Map4k4 regulates endothelial cell migration.

Moesin mediates the membrane retraction effectof MAP4K4
To identify substrate(s) of MAP4K4 in endothelial cells, we performed
a siRNA screen targeting 60 candidates, including all MAP3Ks and
factors involved in cell migration and membrane dynamics. Moesin
emerged as a strong candidate because pooled or individual MSN siRNAs
phenocopied MAP4K4 inhibition (Fig. 3a, b, Extended Data Fig. 5a, b).
Although moesin is closely related to radixin and ezrin, siMSN alone
was sufficient to phenocopy siMAP4K4 (Fig. 3b), possibly owing to its
higher expression in endothelial cells20. Time-lapse analysis showed
that siMSN reduced retraction frequency with a concomitant increase
in membrane stalling (Fig. 3c), similar to siMAP4K4. Unlike siMAP4K4,
siMSN also caused sprout fragmentation (Fig. 3a, arrowheads), likely
due to a MAP4K4-independent function15.

Phosphorylation at threonine 558 (T558) activates moesin15. Con-
sistent with a previous report12, we found that recombinant MAP4K4
phosphorylates recombinant moesin (Extended Data Fig. 5c, d). Because
western blot of HUVEC lysates revealed only a marginal reduction in
phospho-ERM (pERM) in MAP4K4 knockdown HUVEC versus con-
trol (Extended Data Fig. 5e), we examined pERM distribution in HUVEC
by immunofluorescence staining. Control cells contain two pools of
pERM: one in the cell centre, and one in clustered fibres at the cell
periphery (Fig. 3d). In time-lapse images, these clustered fibres were
associated with retracting but not extending membranes (Supplemen-
tary Video 4), and therefore were defined as retraction fibres. While
siMSN reduced all pERM, siMAP4K4 only affected pERM in the re-
traction fibres (Fig. 3d, e). Actin staining revealed a lack of retraction
fibres in the MAP4K4 and MSN knockdown cells (Fig. 3d, bottom
panels), suggesting that localized ERM phosphorylation is required
for the formation of retraction fibres. GNE-220 also reduced pERM1 re-
traction fibres in a dose-dependent manner (Fig. 3f). These data sug-
gest that MAP4K4 is required for ERM phosphorylation in retracting
membranes.

MAP4K4 and moesin regulate FA disassembly
Membrane retraction occurs through the coordination of actomyosin
contraction and FA disassembly1. As the level and distribution of
p-myosin were similar in control, MAP4K4 knockdown or GNE-220-
treated HUVEC (Extended Data Fig. 6a, b), we investigated whether
cell–extracellular matrix attachments were altered by siMAP4K4 or
siMSN. Since b1-integrin plays an important role in vascular devel-
opment21,22, we examined INTb1 in endothelial cells. Staining of active
INTb1 showed an increase in the number of long FAs (Fig. 4a, b, Ex-
tended Data Fig. 6c, d) but no obvious change in nascent FAs marked
by INTb3 or INTaVb5 (Extended Data Fig. 6d, e). Paxillin, a FA-
associated protein, showed a similar phenotype (Extended Data Fig. 6e).
GNE-220 also dose-dependently increased the number of active-INTb11

long FAs (Fig. 4c). Since cell–extracellular matrix adhesion in 2D and
3D contexts can vary23, we stained active INTb1 in HUVEC sprouts.
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Figure 3 | MAP4K4 and moesin regulate membrane retraction. a, HUVEC
sprouts from cells transfected with the indicated siRNAs after 1 day in culture.
Arrows and asterisks defined as in Fig. 1a. Arrowheads indicate fragmented
sprouts. Scale bar, 50mm. b, Long protrusions (.40mm) per bead from
HUVEC sprouting cultures treated with pooled siRNAs targeting the indicated
genes. EZR, ezrin; MSN, moesin; RDX, radixin. Each bar represents mean of
4 experiments, .10 beads per experiment. c, Quantification of membrane
dynamics over a 16-h period in HUVEC sprouts treated with the indicated
agents. Each bar represents mean of four beads, .15 sprouts per bead.
Representative of 3 experiments. d, HUVEC transfected with the indicated
siRNA were stained with phalloidin (red in top panels, white in bottom panels),
pERM (green), and DAPI (blue). Bottom panels are enlarged views of the boxed
regions. Scale bar, 20mm. Arrow indicates retraction fibres. e, Quantification
of pERM-positive retraction fibres in HUVEC transfected with the indicated
siRNA. Means of 3 experiments, .500 cells per experiment. f, Dose–response
curve of GNE-220 on pERM-positive spikes. Line shows best-fit, variable
slope response curve. Four biological replicates, .100 cells per replicate,
representative of 2 experiments.
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views. b, Numbers of long FAs (defined in the Methods) per cell in HUVEC
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siMSN or siMAP4K4 also increased long adhesions located within
subcellular protrusions in 3D (Fig. 4d).

To investigate the epistatic relationship between MAP4K4 and moe-
sin, we evaluated the effect of gain-of-function and loss-of-function mu-
tations of these proteins. Overexpressing kinase-dead MAP4K4 (D153N)
increased long FAs to a similar extent as siMAP4K4 or GNE-220
(Fig. 4b, c, e). Conversely, overexpressing phospho-mimetic mutants
of MAP4K4(T181E) or moesin(T558E) reduced long FAs (Fig. 4e).
GNE-220 restored long FAs in cells expressing MAP4K4(T181E) but
had little effect on cells expressing moesin(T558E), suggesting that
moesin acts downstream of MAP4K4 (Fig. 4e). Additionally, wild-type
moesin, but not mutant moesin(T558A), restores FA length in MSN
knockdown cells, suggesting that phosphorylation is critical for the
effect of moesin on FAs (Extended Data Fig. 6f, g).

Although ERM localization to retraction fibres was reported24, the
relationship between retraction fibres and FAs has not been established.
To explore this relationship, HUVEC with green-fluorescent-protein-
labelled mature FAs (tensin–GFP4) and membrane tracker were mon-
itored with time-lapse imaging. Retraction fibres trailed immediately
behind receding FAs, suggesting that retraction fibres mark sites of ad-
hesion disassembly (Fig. 5a). Interestingly, pERM accumulated in the
retraction fibres distal to the active INTb1 without marked overlap
(Fig. 5b), suggesting that the accumulation of pERM may be incom-
patible with the maintenance of active INTb1 in the retraction fibres.

We next examined the distribution of haemagglutinin (HA)-tagged
MAP4K4 and found it to be broadly distributed and present in retrac-
tion fibres (Extended Data Fig. 7a). It is possible that MAP4K4 activa-
tion rather than localization may account for its localized activity.

FA disassembly was measured by live-imaging of HUVEC expres-
sing the FA markers tensin–GFP or paxillin–GFP4. While control cells
exhibited extensive membrane retraction coincident with rapid FA dis-
assembly, cells treated with GNE-220, siMSN, or siMAP4K4 had sim-
ilar FA assembly rates but much reduced FA disassembly rates, resulting
in increased FA decay time (Fig. 5c, d, Extended Data Fig. 7b, c, Sup-
plementary Video 5). These data demonstrate that MAP4K4 and moe-
sin promote FA disassembly in retraction fibres, which may be achieved
by either turnover or inactivation of surface INTb1. To distinguish these
two possibilities, we compared the distribution of pERM to total and
active INTb1 in retraction fibres. Unlike active INTb1, total INTb1 and
pERM overlapped in retraction fibres (Extended Data Fig. 7d), suggest-
ing that pERM is likely to regulate the activation rather than the level
of INTb1.

Moesin inactivates INTb1 by suppressing talin binding
Talin-FERM domain activates INTb1 by binding its intracellular do-
main (b1ICD)3. Similar to active INTb1, talin and pERM were mostly
non-overlapping in retraction fibres (Extended Data Fig. 7e). Because
moesin and talin share similar protein domains, we tested if the FERM
domain of moesin may displace talin-FERM from b1ICD to inactivate
INTb1. We measured integrin activation by FACS with a labelled pep-
tide derived from fibronectin. As expected, expression of mCherry–
talin-FERM fusion protein in CHO cells increased active INTb1
(Fig. 5e). Overexpression of Venus–moesin-FERM fusion protein inac-
tivated INTb1 with or without exogenously expressed talin (Fig. 5e),
suggesting that moesin-FERM inhibits talin-mediated integrin activa-
tion. Total integrin was moderately affected by talin and moesin ex-
pression, possibly as an indirect consequence of altered activation (data
not shown). Unlike moesin-FERM, the FERM domain from the band4.1
protein did not inactivate INTb1 (Extended Data Fig. 7f).

We then tested if moesin-FERM may compete with talin for bind-
ing to b1ICD. His-tagged b1ICD, but not a binding-deficient mutant
b1ICD or an unrelated protein RKIP, was able to pull-down talin-FERM
(Fig. 5f). Incubation of b1ICD with increasing levels of moesin-FERM
showed dose-dependent binding that coincided with reduced talin
association regardless of whether talin-FERM was added after (Fig. 5f, g)
or before (Extended Data Fig. 7g, h) moesin-FERM. Conversely, talin

also competed with moesin for binding tob1ICD (Extended Data Fig. 7i).
These data suggest that moesin-FERM can inactivate INTb1 by com-
peting with talin for binding to b1ICD.

To understand why moesin-FERM cannot activate INTb1, we com-
pared INTb1 activation in CHO cells expressing talin-FERM, moesin-
FERM, or chimaeras of talin- and moesin-FERM. Replacing talin-F3
with moesin-F3 abolished INTb1 activation, whereas replacing talin-
F1F2 with moesin-F1F2 partially inhibited its activity (Extended Data
Fig. 7j). Consistent with previous report25, our data suggests that the
talin-FERM subdomains support a unique conformation required for
INTb1 activation, which moesin lacks.

Anti-INTa5b1 antibodies restore membrane retraction
As siMAP4K4 or siMSN impaired INTb1 inactivation, we tested whether
forced integrin–extracellular matrix detachment with a function-blocking
antibody against humana5b1-integrin (anti-INTa5b1, Extended Data
Fig. 8a) could reverse the knockdown phenotype in the HUVEC sprout-
ing assay. Treatment with anti-INTa5b1 indeed restored the retrac-
tion deficit in siMAP4K4, siMSN, or GNE-220-treated cells (Fig. 6a).
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images of HUVEC expressing paxillin–GFP undergoing membrane retraction
at indicated times 1 h after addition of DMSO (dimethyl sulfoxide, as vehicle
control) or GNE-220. Arrows mark disassembling FAs. d, FA disassembly rates
in HUVEC stably expressing paxillin–GFP and treated with the indicated
agents. Each dot represents mean of an individual cell, .8 FA disassembly
events per cell, representative of 3 experiments. e, Mean fluorescence intensity
of cell-surface active INTb1 (left) or ratio of active versus total INTb1 (right)
in CHO cells overexpressing talin-FERM–Cherry or moesin-FERM–Venus
fusion proteins (1), or Cherry and/or Venus without the fused protein (2).
Means of 3 experiments. f, Recombinant wild-type or mutant integrin b1ICD-
coated beads were incubated with the indicated proteins. The pulled-down or
input proteins were analysed by western blotting. An irrelevant protein
RKIP served as negative control. IP, immunoprecipitation. g, Quantification
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We then used a function-blocking antibody against murine a5b1-
integrin (Extended Data Fig. 8b) to test whether it can rescue the
Map4k4iKO/iKO vascular defects. Although anti-INTa5b1 had no obvi-
ous effect on the retinal vessels in control mice, it reduced long mem-
brane protrusions in Map4k4iKO/iKO mice, whereas a control antibody
(IgG) did not (Fig. 6b, c). Deletion of Map4k4 exon 6 in iKO pups was
confirmed (Extended Data Fig. 8c).

These data support the hypothesis that MAP4K4 and moesin reduce
talin–INTb1 binding to inactivate INTb1 and enable membrane re-
traction during endothelial cell migration (Extended Data Fig. 8d).

MAP4K4 regulates pathologic angiogenesis
Since angiogenesis contributes to human diseases, we evaluated the
role of MAP4K4 in mouse models of cancer and eye disease. To inhibit
MAP4K4 in vivo, we developed another MAP4K4 inhibitor, GNE-495,
with good pharmacokinetic properties (Supplementary Table 1) because
GNE-220 is rapidly cleared in rodents. GNE-495 was comparable to
GNE-220 in each of the aforementioned cell-based assays (Extended
Data Fig. 8e–g).

Implantation of Map4k4-wild-type tumour cells into Map4k4iKO/iKO

mice revealed that loss of Map4k4 in host tissues reduced tumour
growth rate, tumour vascular perfusion, and endothelial cell membrane
retraction (Extended Data Fig. 9a–g). In the oxygen-induced retino-
pathy model, GNE-495 reduced retinal neovascularization, vascular

regrowth, and haemorrhage (Extended Data Fig. 9h–l). These data sug-
gest that MAP4K4 regulates both normal and pathological angiogenesis.

Discussion
Cell migration requires assembly and disassembly of FAs. A number
of mechanisms have been reported to regulate FA disassembly, in-
cluding integrin internalization, degradation or inhibition of accessary
proteins26–28. Here we identify a molecular cascade that promotes FA
disassembly and highlight the importance of membrane retraction dur-
ing angiogenesis.

Although our work focused on MAP4K4 in endothelial cells, pub-
lished data suggest that MAP4K4 has a conserved role in regulating
membrane dynamics across several species and cell types. In Caenor-
habditis elegans, loss of the MAP4K4 homologue mig-15 reduced axon
branches in an ERM-dependent manner29. In Drosophila, the MAP4K4
homologue msn regulates epithelial cell migration during oocyte devel-
opment by decreasing INTb1 at the basal cell surface30. Together, these
data demonstrate that MAP4K4 and its homologues have a conserved
function in regulating membrane dynamics.

Note added in proof: Recently it was reported that MAP4K4 reg-
ulates focal adhesion disassembly in skin cells, indicating a conserved
function of MAP4K4 in multiple cell types31.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS
In vivo studies. All animals were handled according to guidelines from the Insti-
tutional Animal Care and Use Committee (IACUC) at Genentech, Inc.

The floxed Map4k4 allele was generated using standard homologous recom-
bination techniques. Map4k4fl/fl mice were crossed to Tie2-Cre mice32 to generate
conditional knockout (CKO) in the endothelium, or to Rosa26-CreERT233 mice
to generate inducible knockout (iKO) in all tissues upon Tamoxifen induction.
All mice used are in the C57BL/6N genetic background. For CKOs, timed preg-
nancies were set up between Map4k4fl/1 and Map4k4fl/1::Tie2-Cre parents, and
E9.5-E18.5 embryos were analysed with plug date defined as E0.5. For iKOs, P1
pups with genotype of Map4k4fl/fl or Map4k4fl/fl::Rosa26-CreERT2 were injected
intraperitoneally daily with 80 mg per kg (body weight) tamoxifen dissolved in
sunflower oil for 3 days, and P7 pups were analysed. For integrin rescue experiments,
P1 pups were injected intraperitoneally daily with 80 mg per kg (body weight)
Tamoxifen at 9 am, and 30 mg per kg (body weight) control antibody or anti-a5b1
antibody at 5 pm for 3 days. Antibody injection continued for three additional days.

Oxygen-induced retinopathy (OIR) model34 was used to mimics vascular pathol-
ogies in human proliferative diabetic retinopathy and retinopathy of prematurity.
Wild-type C57BL/6 pups were raised in 75% oxygen from P7 to P12, then returned
to room air with daily intraperitoneally dosing of 100 mg per kg (body weight)
MAP4K4 inhibitor GNE-495 or vehicle for 5 days. P17 pups were analysed. Pups
from each litter were divided into the control and treatment groups based on body
weights to ensure similar body weight distribution between groups.

For tumour studies, animals were injected with 80 mg per kg (body weight)
tamoxifen intraperitoneally, once daily for 5 days to induce Map4k4 deletion. Two
weeks later, male mice with the ages between 6 and 12 weeks were grouped based
on body weight and genotype to ensure equal body weight distribution. Mice were
inoculated subcutaneously on the right lateral flank with 106 KPP-1 cells in 100ml
HBSS/Matrigel or 0.5 million TC-1 cells in 100ml HBSS/Matrigel. Tumours were
measured twice a week until they reached IACUC specified limits. For histology
analysis, tumours were harvested 2 weeks later when they reached 200–500 mm3.
For tumour perfusion experiments, tail vein injections of 100ml of a 1 mg ml21

solution of fluorescein-labelled lycopersicon esculentum (Vector FL-1171) were
performed 5 min before tissue harvest.

During the in-life portion of the animal studies, investigators were not blinded
with regard to the genotypes and treatments.
Cell culture. HUVEC (Lonza, CC-2519) were cultured in complete EGM-2 (Lonza,
CC-3156 and CC-4176). siRNA and plasmid transfections were performed with
DharmaFECT1 (Dharmacon) and Targefect (TargetingSystems), respectively.
HUVEC were assayed 3 days after siRNA transfection. CHO cells (ATCC, CCL-
61) were cultured in DMEM supplemented with 10% FBS, 1 mM glutamate, and
penicillin/streptomycin and transfected using Lipofectamine LTX (Life Techno-
logies). Cells were tested at Genentech to ensure mycoplasma-negative.
HUVEC assays. HUVEC sprouting assays were performed as previously described35.
For siRNA treatment, HUVEC were transfected 1 day before coating to beads. For
chemical inhibitor treatment, inhibitor was added to media after fibrin was clot-
ted. For immunofluorescence staining, beads were seeded in thin 100ml fibrin clots.
For scratch wound healing assay, HUVEC were transfected 2 days before re-seeding
into a glass-bottom 96-wells plate. Wound area was measured using the Incucyte
instrument (Essen BioScience). Permeability assays were performed as described
previously36. For moesin rescue, an siRNA oligo targeting the UTR region of moesin
was transfected into cells. Two days later, cells were transfected with cDNA con-
tructs expressing moesin–GFP or moesin(T558A)–GFP and plated into a glass-
bottom 96-wells plate. After overnight incubation, cells were fixed and stained.

For Dll4 inhibition, a previously characterized function-blocking antibody was
added to media before fibrin clotting to ensure immediate delivery37.
Constructs and virus production. MAP4K4 was cloned by PCR from a cDNA
library prepared from HUVEC. Point mutants were introduced by site directed
mutagenesis. For expression, MAP4K4 or Lck-RFP was cloned into pGIPz lenti-
viral vector, which were co-transfected with pCMVD8.9 and pVSV-G in HEK293T
cells to generate viral particles. HUVEC were infected at 1–5 multiplicity of infec-
tion per cell and selected with 200mg ml21 hygromycin for 3 days. Tensin–GFP
and moesin constructs were obtained from Origene. Moesin (M1-P297) and talin
(M1-Q435) FERM domains were synthesized (Blue Heron) and inserted into ex-
pression vectors pDEST47 and pmCherry-C1 (AddGene, 632524) with N-terminal
Venus or mCherry fusion, respectively. For the experiment shown in Extended
Data Fig. 7f, Band4.1 FERM domain (S215–R488) and moesin FERM domain
(M1–P297) were cloned into mCherry vector, and talin FERM domain (M1–
Q435) in the Venus vector. For FERM chimaeras, the F2-F3 boundary was defined
as Gly 230 for talin and Gly 202 for moesin. Inserts were synthesized and cloned
into pmCherry-C1.
Histology. Mouse embryos, neonatal eyes with opening in the cornea, or bisected
tumours were fixed overnight (embryos and tumours) or 1 h (eyes) at 4 uC. The

crown of the skull was harvested and the outermost skin layer removed. Retinas
were isolated and other eye tissues discarded. Tumours were bisected at midline
and cryoprotected in 30% sucrose overnight and embedded in Optimal Cutting
Temperature Compound OCT (Tissue Tek, 4583), and sectioned at 12 mm and
80mm using a Cryostat (Leica model CM3050S). Tissue was permeabilized in 0.5%
Triton X-100/0.05% Tween-20/10% goat serum/PBS. Primary antibodies, includ-
ing anti-CD31 (BD Biosciences, 550274) and anti-VECadherin (BD Biosciences,
555289 for cell, R&D AF1002 for mouse embryos), anti-ERG (Santa Cruz, sc-353),
and anti-isolectin-B4 (Sigma, L2140-1MG) were incubated overnight. Flattened whole-
mount tissues or tumour sections were mounted with Fluoromount-G (Southern-
Biotech 0100-01).

HUVEC cultured on glass-bottom chamber slides or in fibrin clots were fixed
with 4% paraformaldehyde/PBS for 10 min before permeabilization in 0.1% Triton
X-100/PBS and block in 10% goat serum/PBS. Cells were stained with antibodies
against pERM (CST, 3149S), active INTb1 (12G10, Millipore, MAB2247-1; or 9EG7,
BD Biosciences, 550531), phalloidin (Invitrogen, A12379), INTaVb5 (Millipore,
MAB2019Z, and MAB1961) INTb3 (Millipore, MAB1974 and CBL479), paxillin
(Epitomics, 1500-1), or total INTb1 (R&D Systems, MAB1778). Cells were ana-
lysed with confocal, epifluorescent, or TIRF microscopy as specified in the figure
legends. Integrin b3 and aVb5 were used to mark nascent adhesions38. Although
moesin played a dominant role in endothelial cells, we were unable to identify a
specific antibody against phospho-moesin, and had to use a phospho-ERM antibody.
In vitro kinase assays. His-tagged MAP4K4 kinase domain (A2-E328) was ex-
pressed and purified from SF9 insect cells using standard procedures. 3mg of puri-
fied kinase containing a T181E activating mutation was incubated with 100mM
moesin peptide LGRDKYKTLRQIRQ (Genentech) or purified Myc–Flag–moesin
(Origene, TP305674) in 50 mM HEPES pH 7.2/10 mM MgCl2/1 mM EGTA/0.01%
Triton X-100 for 45 min at room temperature in the presence or absence of 3 mM
ATP. Remaining ATP levels were assayed using KinaseGlo (Promega).
FACS. FACS analysis of activated b1-integrin was performed as previously de-
scribed39. Fibronectin III(8-10) peptide (KeraFast, EUR108) was biotinylated with
SS-Biotin (Pierce, 21441). Analysis was run on LSR Fortessa Cell Analyzer (BD).
Cells expressing mCherry, Venus, or Cherry-tagged and Venus-tagged fusion pro-
teins were gated by FACS based on Cherry or Venus signal intensity to make sure
that equal levels of expression were compared between samples and across experi-
ments. For the Band4.1 and moesin FERM domains comparison experiment,
integrin activation levels for cherry positive cells were normalized to Cherry nega-
tive cells in the same sample. In the experiment reported in Extended Data Fig. 7j,
lower level of Cherry signal was chosen for reasons explained in the legend of the
Extended Data.
Competitive binding to b1ICD. His–Flag–b1ICD-coated beads were prepared
as described40. His–Flag-tagged wild-type and mutant (Y783A/Y795A) b1ICD41

were purified from bacterial lysates using nickel beads (Sigma, H9914) followed
by a size exclusion column. To remove aggregates, b1ICD was denatured with 8 M
urea, and 1 mg of protein was loaded onto 50ml of magnetic beads. After 1 h incu-
bation, beads were renatured with decreasing urea concentrations and resuspended
in 500ml buffer XT (50 mM NaCl/150 mM sucrose/10 mM PIPES/3 mM MgCl2/
0.05%Ttriton/protease/ phosphatase inhibitor cocktail). Flag–talin-FERM and Flag–
moesin-FERM were bacterially expressed and purified using anti-Flag beads. Both
were eluted with 33 Flag peptide (Sigma). The negative control protein RKIP (Raf
kinase inhibitor protein) was expressed and purified following similar protocol.
Image data acquisition and analysis. Investigators who carried out the automated
image data analysis were blinded with regard to genotype and treatment at the step
when individual images were segmented and quantified.

For membrane length detection, HUVEC coated beads were fixed and stained
with phalloidin and DAPI to outline cells and nuclei, respectively. Compressed
z-stack images from 43 epifluorescence scanning (ImageXpress Micro) were ana-
lysed with the MetaXpress Neurite detect algorithm. The sum of lengths from all
protrusive structures was scored for each bead. This analysis does not distinguish
between sub-cellular protrusions versus sprouts. Data presented in Figs 1a–c, 3a, b
and Extended Figs 1b and 7a.

For live imaging of fluorescent HUVEC in sprouting assay, cells stably infected
with lentiviral vectors were coated on beads and allowed to sprout for 2 days.
Hoescht33342 was added atop the fibrin overnight. Fibrin clots were placed on 3i
Inverted Marianas microscope with live cell chamber and imaged every 10 min at
203 for 16 h. Measurements were also carried out within the first 12 h of sprout-
ing using unstained cultures imaged at 103 every 10 min. Subcellular membrane
protrusion, retraction, and stalling were tracked manually in SlideBook. Sprouts
consisting of cell bodies were excluded from this analysis. Protrusion and retrac-
tion were defined as membrane movements greater than 4mm away from or to-
wards the bead per 10 min interval, stalling was defined as movement less than
4 mm in either direction, branching was defined as bifurcating protrusions greater
than 5mm over a 16 h period. Data presented in Figs 1d–g, 3c, 6a.
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For elongated FA measurement, transfected or inhibitor treated cells were placed
on Leica spinning disk confocal and imaged at 403 every 3 min for , 8 h. Cells
were stained with Far Red Membrane Tracker (Life Technologies, C34552) and
transfected with tensin–GFP or infected with adenovirus expressing paxillin–GFP,
or were stained with DAPI, antibody against activated b1-integrin, and phalloidin.
For FA disassembly analysis, FA in retracting membranes were tracked to deter-
mine the rate of movement. For long FA decay time and FA assembly rate analysis,
movies were uploaded to Focal Adhesion Analysis Server42. For FA decay time
analysis, the first time point were chosen when a FA reached its longest length and
was tracked for analysis. For assembly rates, adhesion tracks with a P value less
than 0.05, R-squared greater than 0.7, and minimum slope of 0.01 were analysed.
For elongated adhesion analysis, nuclei were segmented and counted using a top-
hat filter followed by adaptive intensity threshold. Actin and adhesion stains were
then segmented using a combination of adaptive and local intensity thresholds.
Cell objects were created by a logical OR combination of adhesion and actin masks
and were required to contain nuclear staining. Adhesions were further classified as
puncta (,2mm2), focal adhesions, or long focal adhesions (long FAs) defined as
long and thin (eccentricity .5), with strong intensity (.1.5 times the mean of the
intensity of all adhesions), and with minimal branching (solidity .0.3).

For quantification of pERM spikes: DAPI, phalloidin, and pERM images were
segmented using both local and adaptive intensity thresholds. Cell objects were
defined as regions that contained either actin or pERM staining and also contained
a nuclear object. The cell body was selected by a morphological opening with
kernel size of 10mm to remove any protrusive structures. Protrusions were then
identified as non-cell-body cellular structures of significant pERM intensity with
area greater than 30mm2 and less than 650mm2. The number of pERM-positive
protrusions per cell was calculated by dividing the number of protrusions per field
of view by the number of nuclear objects in the same field.

For long membrane protrusions along the migration front of the embryonic
head skin and the neonatal retinal vasculature: vascular stain from whole-mounted
embryonic head skins or neonatal retinas was segmented with both local and adap-
tive intensity thresholds. To identify subcellular membrane protrusions along the
migration front, gaps within the vascular network were filled to obtain a distinct
edge, and thin membrane protrusions along the edge were identified by a morphol-
ogical opening with kernel size of 15mm. This diameter is too thin to contain a
nucleus and, therefore, distinguishes subcellular structures. These structures were
then further classified as subcellular protrusions if they were long and thin (eccent-
ricity .2), had significant intensity (.mean intensity of the vascular stain), and
had a length exceeding 40mm. The eccentricity and length criteria were chosen
because protrusions of this phenotype were rare in wild-type animals (data not
shown). The length of the vascular edge was estimated by a flattened perimeter ob-
tained by a series of morphological openings and closings with a maximum kernel
of size 400mm. The number of long subcellular membrane protrusions was counted
and normalized by the length of the flattened vascular edge perimeter. The entire
perimeter of a retina from each animal was quantified.

For pathologic vessel formation in the OIR model: 3D images of whole-mounted
retinas from the OIR model were segmented for very bright (.33 the average vas-
cular intensity in that plane) or moderately bright and large regions (.6,000mm2 in
a single plane). Normal vasculature was excluded by removing objects with aspect
ratio greater than 4. All images were manually inspected to add missing segments or
remove false positives. Pathological vascular coverage was then quantified as the
ratio between total pathological vessel area and total retinal area.

For tumour vascular perfusion: entire sections of each tumour were scanned at
203 using the automated Tissuegnostic scanning system (http://www.tissuegnostics.
com/). Viable tumour areas were identified by nuclei morphology based on DAPI
staining. Total CD311 vascular areas were measured. Within the CD311 areas,
FITC1 areas were then measured and calculated as ratios to the total CD311 areas.
These ratios are used to evaluate functionality of the tumour vasculature.

For tumour vascular patterning: tumour vasculatures were imaged by confocal
microscopy at 403 magnification. Since areas at the border between tumour and
overlying skin contain many sprouts, we focused our analysis in this region. Five
tumours from each genotype, and 5–6 images per tumour were analysed. Lengths
of membrane protrusion from each sprout are labelled and measured manually. A
total of 85 membrane protrusions from the control tumours, and 84 protrusions
from the Map4k4 iKO tumours were quantified. Results are expressed at percent
of membrane protrusions greater than 40 mm per tumour.

For VE-Cadherin analysis, 803 confocal images were used to generate 10 mm
junctional segments. Each segment was then scored as being inhibited (straight,
linear junction), mixed (finger-like projections), or active (honeycomb or serrated),
modelled on previous analyses43. The ‘‘active’’ junction refers to diffused or serrated
junction that reflects junctional remodelling, the ‘‘inhibited’’ morphology refers to
linear junctions that reflect relative junctional stability, and the ‘‘mixed’’ junction

contains both morphologies within the defined length. The number of each seg-
ment type was scored as fraction of total segments in that image.

Image data were analysed using automated methods developed using custo-
mized Matlab codes in our group. All computer codes are deposited at the follow-
ing site: (https://github.com/ailey/Vitorino_Nature_2015).

For all studies we did not exclude samples from analysis except Extended Data
Fig. 9c, d. Six tissue sections were excluded in this study because they failed to show
CD31 staining in large portion of the tumours, indicating technical failure. These
sections were excluded from the analysis.
Statistical analysis. For all figures, statistical analyses were carried out using Graph-
Pad Prism (http://www.graphpad.com/). The majority of data sets with sufficient
n numbers to run the D’Agnostino & Pearson Omnibus normality test met the
criteria for a normal distribution, therefore these data were analysed using unpaired
Student’s t-test. For data that did not pass the normal distribution test, Mann–
Whitney test was used. For data sets that the n numbers were too small for
D’Agnostino & Pearson Omnibus normality test, we assumed normal distribution
based on the appearance of the data.

For all tests, variance similarity was determined using the Prism program. When
variances were significantly different between comparators, Welch’s correction
was applied.

In all figures, statistical significance between the indicated sample and control
or between marked pairs are designated: *P , 0.05, **P , 0.01, ***P , 0.001, or
NS (P . 0.05).
Endothelial cell isolation from E15.5 embryos and determination of Map4k4
exon 6 expression. E15.5 embryos were harvested and dissociated into a single
cell suspension using a combination of both enzymatic digestion with 1 mg ml21

of collagenase D (Roche, 11088866001) and gentle agitation with a gentleMACS
Dissociator (Miltenyi Biotec). Cell suspension was incubated with anti-CD31 (BD
Biosciences) conjugated Dynabeads (Invitrogen, 110.35), anti-CD31 was incubated
with beads the night before), and separated into endothelial cells (those bound to
beads) and non-endothelial cell (unbound cells). Total RNA was isolated using a
RNeasy Mini Kit (Qiagen, 74134). cDNA was synthesized using a High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, 4368814). Quantitative
PCR on triplicate samples per condition was carried out using 50ng of cDNA in a
ViiA7 machine (Applied Biosystems) using the Comparative CT program. Map4k4
expression was determined relative to housekeeping gene RPS13. Primer/probe
information is listed below. The Map4k4 primers amplify sequences spanning
exons 6 and 7. Endothelial cell purity was assessed by relative expression of
VECadherin to housekeeping gene RPS13.
Mouse Map4k4 primer/probe information. Map4k4 Primer/Probe set: Applied
Biosystems Mm00500800_mH, VECadherin Primer/Probe set: Applied Biosystems
Mm00486938_m1,RPS13 probe and primers: 59-CGGGTGCTCCCACCTAATT
GGA-39-FAM dye (probe), 59-CACCGATTGGCTCGATACTA-39 (forward pri-
mer) and 59-TAGAGCAGAGGCTGTGGATG-39 (reverse primer). Synthesized
at Genentech.
Endothelial cell proliferation studies. For bead sprouting assays, 10 mM EdU (5-
ethylnyl-29-deoxyuridine) was added on day 3 of sprouting. Cells were fixed 16 h
later. For head skin analysis, pregnant female mice were injected with 2 mg of EdU
4 h before embryo harvest. For retinal analysis, pups were injected with 50 mg per
kg EdU on P6 before retinal harvest on P7. For all experiments, EdU was stained
using Click-iT Imaging Kit from Invitrogen.
siRNA oligo sequences. MAP4K4 siRNA: (1) 59-GACCAACUCUGGCUUGU
UA-39, (2) 59-UAUAAGGGUCGACAUGUUA-39, (3) 59-AGAGCGACAGA
GACATTTATT-39. MSN siRNA: (1) 59-CGUAUGCUGUCCAGUCUAA-39,
(2) 59-UCGCAAGCCUGAUACCAUU-39, (3) 59-GAGGGAAGUUUGGUUCU
UU-39, (4) 59-GGTCTAAAGTGAGCTCTATGG-39 (UTR). ON-TARGETplus
Non-Targeting pool (negative control for all siRNA experiments): (1) 59-UGG
UUUACAUGUCGACUAA-39, (2) 59-UGGUUUACAUGUUGUGUGA-39, (3) 59-
UGGUUUACAUGUUUUCUGA-39, (4) 59-UGGUUUACAUGUUUUCCUA-39.
Generation and characterization of anti-a5b1-integrin monoclonal antibodies
(MAbs)
Anti-human-a5b1-integrin MAb. HUVEC were used to immunize Armenian
hamsters and the immunized animals were subsequently boosted with recombin-
ant human INTa5b1 extracellular domain (expressed and purified at Genentech).
A monoclonal antibody (18C12) that specifically recognized the heterodimeric
humana5b1 but not thea5 orb1 subunit alone or other integrins was identified by
conventional hybridoma techniques. The affinity of 18C12 for human INTa5b1
was determined by Scatchard analysis against HUVEC that expresses the murine
antigen, the affinity is KD 5 0.06 nM.

The ability of the anti-human a5b1 MAB 18C12 to inhibit INTa5b1 function
was assessed for its ability to inhibit the migration of HUVEC in a Boyden Chamber
assay described below. HTS multiwell plates (24-wells with pore size 8mm from
Becton, Dickinson and Company) were coated with 1mg ml21 fibronectin in 0.05 M
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sodium carbonate buffer (pH 9.6) at 4 uC overnight. After washing with phosphate-
buffered saline (PBS), 500ml of EGM-2 medium (Lonza, CC-3162) with 0.1%
bovine serum albumin (Sigma-Aldrich, A1933) was added to the bottom well.
50,000 HUVEC in 100ml EGM-2 with 0.1% BSA were added to the top well and
allowed to attached for 1 h. A human IgG1 control antibody at 10 mg ml21 (anti-
gD, Genentech Inc.) and serial dilutions of 18C12 were added to the top well at the
concentrations indicated in Extended Data Fig. 6a. To stimulate migration, 20 ng ml21

of VEGF-A (R&D Systems, 293-VE) was added to the bottom chamber of each well
after 15 min of incubation with the respective antibodies. The plates were then in-
cubated for 6 h. Cells that did not migrate were scraped off the upper chamber with
a sponge swab, washed with PBS and scraped again. Cells that migrated through
the membrane to the bottom chamber were fixed with 500ml methanol for 5 min
and stained with 500ml Sytox green (Molecular Probes) for at least 20 min or over-
night while protected from light. Pictures of each well were taken using a 53 objec-
tive on an AxioVision AC camera (Carl Zeiss MicroImaging GmbH). NIH Image J
software was used to count the migrated cells and PRISM (GraphPad Software)
was used to present the results.
Anti-murine-a5b1-integrin MAb. Murine INTa5b1 protein was purified from
frozen mouse uterus (Pel-Freeze Biologicals), which were homogenized in water
1 0.5 mM phenylmethanesulphonylfluoride (PMSF) at 4 uC and centrifuged. The
supernatant was discarded and membrane proteins were extracted from the pellet
by stirring for 1 h at room temperature in 20 mM Tris pH 8, 1 mM EGTA, and
0.5 mM PMSF, centrifuged and resuspended in 20 mM Tris pH 7.5, 0.6 M KCl and
0.5 mM PMSF. This was again centrifuged and the pellet was lysed overnight at
4 uC in 20 mM Tris pH 7.5, 0.5% Triton X-100, 1 mM CaCl2, 1 mM MgCl2, and
0.5 mM PMSF. The lysate was centrifuged and supernatant was loaded onto a pre-
pared column of Affi-Gel resin (Bio-Rad Laboratories, 153-6047) coupled to a rat
anti-mouse INTa5b1 antibody (BD Pharmingen, clone 5H10). The column was
washed with 20 mM Tris pH 7.5, 1 mM CaCl2, 1 mM MgCl2, 0.2 M NaCl and eluted
with 50 mM sodium citrate pH 4, 0.1% Triton X-100. The presence of both a and b
subunits in the purified sample was confirmed by mass spectrometry.

The purified murine INTa5b1 was subsequently used to immunize and boost
Armenian hamsters. A monoclonal antibody (10E7) that specifically recognized
the heterodimeric murine a5b1 but that also did not recognize either the a5 or b1
subunit alone or other integrins was identified by conventional hybridoma tech-
niques. The affinity of 10E7 for murine INTa5b1 was determined by Scatchard
analysis against murine endothelial cell line 2H11 (ATCC, CRL-2163) that expresses
the murine antigen, the affinity is KD 5 0.3 nM.

The ability of the anti-murinea5b1 MAB 10E7 to inhibit INTa5b1 function was
assessed for its ability to inhibit the migration of Chinese Hamster Ovary B2 cells44

stably expressing murine a5b1 (CHOB2-ma5b1) on a fibronectin substrate in
response to serum. Migration assay was carried out as described above with the fol-
lowing modifications: high glucose Dulbecco’s modified Eagle medium was used
instead of EGM-2, cells were stimulated to migrate by 1% fetal bovine serum (VWR,
97068-101) instead of VEGFA. A negative control hamster IgG antibody (anti-gD,
Genentech Inc.) or serial dilutions of 10E7 were added in top wells at the concen-
trations indicated in Extended Data Fig. 6b before cells were stimulated to migrate.
Generation of MAP4K4 small molecule antagonists
General chemistry. All solvents and reagents were used as obtained. Reactions in-
volving air or moisture sensitive reagents were carried out under nitrogen atmo-
sphere. Microwave reactions were performed using CEM Discover and Biotage
Initiator reactors. NMR spectra were recorded in a deuterated solvent with a Bruker
Avance 300 or 400 MHz NMR spectrometer, and referenced to trimethylsilane
(TMS). Chemical shifts are expressed as dunits using TMS as the external standard
(in NMR description, s 5 singlet, d 5 doublet, t 5 triplet, q 5 quartet, m 5 multi-
plet, and br 5 broad peak). All coupling constants (J) are reported in Hertz. Mass
spectra were measured with a Finnigan SSQ710C spectrometer using an ESI source
coupled to a Waters 600MS HPLC system operating in reverse mode with an
X-bridge phenyl column of dimensions 150 mm by 2.6 mm, with 5mm-size part-
icles. Analytical purity was .95% unless stated otherwise. The following analytical
method was used to determine chemical purity of final compounds unless other-
wise stated: HPLC-Agilent 1200, water with 0.05% trifluoroacetic acid (TFA), ace-
tonitrile with 0.05% TFA, Agilent Zorbax SD-C18, 1.8mM, 2.1 3 30 mm, 40 uC,
3–95% B in 8.5 min, 95% in 2.5 min, 400ml min21, 220 nm and 254 nm, equipped
with Agilent quadrupole 6140, ESI positive, 110–800 amu.

2-(3-Cyano-pyridin-2-ylamino)-acetamide. Glycinamide (8.8 g, 79.4 mmol)
and sodium carbonate (4.6 g, 43.3 mmol) were suspended in DMSO (200 ml) and
stirred at ambient temperature for 16 h. The solid was removed by filtration through
Celite, the filtrate treated with 2-chloronicotinonitrile (10.0 g, 72.2 mmol) and pot-
assium fluoride (10.0 g, 173.3 mmol) and heated at 120 uC for 4 h. The mixture was
allowed to cool to ambient temperature then diluted with water (800 ml). The pre-
cipitated solid was collected by filtration, washed with dichloromethane (50 ml)
and water (50 ml), then triturated with diethyl ether (100 ml), filtered and left to

air dry which afforded the title compound as an off-white solid (6.7 g, 53%). 1H
NMR (400 MHz, DMSO-d6) 8.26 (dd, J 5 4.9 Hz, 1.8 Hz, 1H), 7.93 (dd, J 5 7.6 Hz,
1.8 Hz, 1H), 7.40 (s, 1H), 7.12 (t, J 5 4.9 Hz, 1H), 7.00 (s, 1H), 6.69 (dd, J 5 7.6 Hz,
4.9 Hz, 1H), 3.34 (s, 2H).

2-(5-bromo-3-cyano-pyridin-2-ylamino)-acetamide. A solution of N-
bromosuccinamide (7.1 g, 38.2 mmol) in N,N-dimethylformamide (20 ml) was
added drop-wise over 25 min to a suspension of 2-(3-cyano-pyridin-2-yla-
mino)-acetamide (6.7 g, 38.3 mmol) in N,N-dimethylformamide (30 ml). On com-
plete addition the mixture was allowed to stir at ambient temperature for 16 h then
poured onto water (400 ml). The precipitated solid was collected by filtration,
washed with water (50 ml) and left to air dry which gave the title compound as a
white solid (8.35 g, 96%). 1H NMR (300 MHz, DMSO-d6) 8.35 (d, J 5 2.5 Hz, 1H),
8.24 (d, J 5 2.5 Hz, 1H), 7.36–7.44 (m, 2H), 7.01 (s, 1H), 3.85 (d, J 5 5.6 Hz, 1H).
LC/MS (ESI1): RT 5 2.23 min, m/z: 257 (M1H1).

3-Amino-5-bromo-1H-pyrrolo[2,3-b]pyridine-2-carboxylic acid amide. A sus-
pension of 2-(5-bromo-3-cyano-pyridin-2-ylamino)-acetamide (8.35 g, 32.7 mmol)
and sodium hydrogen carbonate (5.5 g, 65.5 mmol) in ethanol (150 ml) was heated
under reflux for 66 h. The mixture was allowed to cool to ambient temperature then
cooled further in an ice/water bath. The precipitated solid was collected by filtra-
tion, washed with ethanol (15 ml), water (2 3 20 ml), ethanol (20 ml) and diethyl
ether (20 ml) and left to air dry to afford the title compound as a yellow solid (5.9 g,
71%). 1H NMR (300 MHz, DMSO-d6) 8.38 (d, J 5 2.3 Hz, 1H), 8.32 (d, J 5 2.3 Hz,
1H), 7.19 (s, 2H), 5.82 (s, 2H). LC/MS (ESI1): RT 5 2.38 min, m/z: 257 (M1H1).

5-Bromo-3-[(1-methyl-1H-pyrazole-4-carbonyl)-amino]-1H-pyrrolo[2,3-b]
pyridine-2-carboxylic acid amide. A suspension of 3-amino-5-bromo-1H-pyrrolo
[2,3-b]pyridine-2-carboxylic acid amide (5.9 g, 23.2 mmol) and 1-methyl-1H-
pyrazole-4-carbonyl chloride (4.02 g, 27.8 mmol) in pyridine (350 ml) were heated
at 80 uC for 18 h. The mixture was allowed to cool to ambient temperature then
poured into water. The resultant precipitated solid was collected by filtration, washed
with water and diethyl ether and dried at 60 uC under high vacuum pressure to
afford the title compound (6.6 g, 78%). 1H NMR (300 MHz, DMSO-d6) 10.79
(s, 1H), 8.67 (d, J 5 2.3 Hz, 1H), 8.46 (d, J 5 2.3 Hz, 1H), 8.33 (d, J 5 2.9 Hz, 2H),
7.93 (d, J 5 0.8 Hz, 1H), 3.92 (s, 3H). LC/MS (ESI1): RT 5 2.54 min, m/z: 365
(M1H1).

8-bromo-2-(1-methyl-1H-pyrazol-4-yl)-3,5-dihydro-4H-pyrido[39,29:4,5]pyrrolo
[3,2-d]pyrimidin-4-one. A suspension of 5-bromo-3-[(1-methyl-1H-pyrazole-4-
carbonyl)-amino]-1H-pyrrolo[2,3-b]pyridine-2-carboxylic acid amide (1.0 g,
2.74 mmol) in 10% w/w aqueous potassium hydroxide (8 ml) and ethanol (4 ml)
was heated under microwave irradiation at 170 uC for 1 h. The mixture was allowed
to cool to ambient temperature, diluted with water and the resultant precipitated
solid was collected by filtration. The solid was washed sequentially with water,
methanol:diethyl ether and diethyl ether and left to air dry. The remaining material
was afforded as a white solid (762 mg, 80%). 1H NMR (300 MHz, DMSO-d6) 8.40-
8.35 (m, 2H), 8.08 (s, 1H), 7.89 (s, 1H), 3.87 (s, 3H). LC/MS (ESI1): RT 5 6.98 min,
m/z: 347 (M1H1).

2-(1-methyl-1H-pyrazol-4-yl)-8-(4-(4-methylpiperazin-1-yl)phenyl)-3,5-dihydro-
4H-pyrido[39,29:4,5]pyrrolo[3,2-d]pyrimidin-4-one. 8-bromo-2-(1-methyl-1H-
pyrazol-4-yl)-3,5-dihydro-4H-pyrido[39,29:4,5]pyrrolo[3,2-d]pyrimidin-4-one
(762 mg, 2.19 mmol) was dissolved in a mixture of 1,4-dioxane and DMSO and (4-
(4-methylpiperazin-1-yl)phenyl)boronic acid was added at once followed by 1 M
aqueous potassium acetate solution. To the mixture was added 1,19-bis(diphenyl-
phosphino)-ferrocene]dichloropalladium(II) (5 mol%) and the reaction mixture
was heated with microwave irradiation at 100 uC for 1 h. The mixture was cooled
to ambient temperature and filtered through a plug of Celite eluting with ethyl
acetate. The filtrate was concentrated and the residue was purified by flash column
chromatography (5–10% methanol/dichloromethane). The fractions containing
the desired product were concentrated and dried under high vacuum pressure
to yield 2-(1-methyl-1H-pyrazol-4-yl)-8-(4-(4-methylpiperazin-1-yl)phenyl)-3,5-
dihydro-4H-pyrido[39,29:4,5]pyrrolo[3,2-d]pyrimidin-4-one (530 mg, 55%). 1H
NMR (300 MHz, DMSO-d6) 12.55 (s, 2H), 8.81 (d, J 5 2.3 Hz, 1H), 8.51–8.47
(m, 2H), 8.22 (s, 1H), 7.67 (d, J 5 8.3 Hz, 2H), 7.07 (d, J 5 8.3 Hz, 2H), 3.93 (s,
3H), 3.24–3.18 (m, 4H), 2.44–2.50 (m, 4H), 2.24 (s, 3H). LC/MS (ESI1):
RT 5 5.05 min, m/z: 441 (M1H1).

4-chloro-2-(1-methyl-1H-pyrazol-4-yl)-8-(4-(4-methylpiperazin-1-yl)phenyl)-
5H-pyrido[39,29:4,5]pyrrolo[3,2-d]pyrimidine. 2-(1-methyl-1H-pyrazol-4-yl)-8-
(4-(4-methylpiperazin-1-yl)phenyl)-3,5-dihydro-4H-pyrido[39,29:4,5]pyrrolo[3,2-d]
pyrimidin-4-one (180 mg, 0.41 mmol) was suspended in neat POCl3 under an inert
atmosphere and heated under reflux for 12 h. The reaction mixture was allowed to
cool to ambient temperature and evaporated. The resultant residue was treated
with ice and the pH of the aqueous phase was adjusted to between 7 and 9 by the
addition of saturated aqueous sodium hydrogen carbonate solution. The solid was
collected by filtration, washed with water and diethyl ether and used crude in the
next step.
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4-methyl-2-(1-methyl-1H-pyrazol-4-yl)-8-(4-(4-methylpiperazin-1-yl)phenyl)-
5H-pyrido[39,29:4,5]pyrrolo[3,2-d]pyrimidine (GNE-220). Tetramethyltin (0.023 ml,
0.168 mmol) was added to a degassed suspension of 4-chloro-2-(1-methyl-1H-
pyrazol-4-yl)-8-(4-(4-methylpiperazin-1-yl)phenyl)-5H-pyrido[39,29:4,5]pyrrolo
[3,2-d]pyrimidine (70 mg, 0.153 mmol), lithium chloride (19 mg, 0.458 mmol)
and bis(triphenylphosphine)palladium(II) dichloride (11 mg, 0.015 mmol) in
dimethylformamide (2 ml) and was heated under microwave irradiation at 140 uC
for 20 min. The reaction mixture was diluted with water (10 ml), the precipitated
solid was removed by filtration, then washed with water and diethyl ether. The fil-
trate was concentrated under reduced pressure and the resultant residue triturated
with diethyl ether then methanol to give the title compound as a cream solid (29 mg,
43%). 1H NMR (400 MHz, DMSO-d6)d 12.35 (s, 1H), 8.93 (d, J 5 2.2 Hz, 1H), 8.68
(d, J 5 2.2 Hz, 1H), 8.35 (s, 1H), 8.06 (s, 1H), 7.70 (d, J 5 8.8 Hz, 2H), 7.07 (d,
J 5 8.8 Hz, 2H), 3.91 (s, 3H), 3.21 (t, J 5 4.9 Hz, 4H), 2.79 (s, 3H), 2.47–2.45 (m,
4H), 2.23 (s, 3H). LC/MS (ESI1): RT 5 5.55 min m/z 439 (M1H1).

5-Fluoro-2-(3-fluorophenyl)pyridine. After a mixture of 2-bromo-5-fluoro-
pyridine (50 g, 0.284 mol), 3-fluorophenylboronic acid (48 g, 0.343 mol), Pd(dppf)Cl2
(5.0 g, 6.8 mmol,) and K2CO3 (178.5 g, 0.568 mol) in dioxane/H2O (500 ml /150 ml)
was degassed 3 times, the mixture was heated to 80,100 uC for 3 h under N2. The
mixture was filtered through diatomite, and dioxane was removed under reduced
pressure. Ethyl acetate (1.0 l) was added, and the organic phase separated, concen-
trated, and purified by column chromatography (20:1,10:1 petroleum ether:ethyl
acetate) to give desired product (50 g, 92%). 1H NMR (400 MHz, CDCl3) d 8.54 (s,
1H), 7.72–7.65 (m, 3H), 7.49–7.39 (m, 2H), 7.08 (m, 1H)

5-Fluoro-2-(3-fluorophenyl)pyridine 1-oxide. 5-Fluoro-2-(3-fluorophenyl)
pyridine (50 g, 0.262 mol), m-CPBA (106 g, 0.523 mol, 2eq) in dichloromethane
was heated at reflux for 16 h. After most of the starting material was consumed (as
indicated by TLC), the mixture was cooled to room temperature, and a Na2S2O3

solution was added slowly, until there was no peroxide left (KI starch paper). (Cau-
tion: peroxide may be explosive.). Dichloromethane was removed and the yellow
precipitate was collected and washed with saturated NaHCO3 solution, until 3-chloro-
benzoic acid was completely removed. The crude compound was dried and was
used in next step without further purification (45 g, 83%). 1H NMR (400 MHz,
CDCl3) d 8.23–8.25 (m, 1H), 7.53 (m, 1H), 7.49–7.36 (m, 3H), 7.16–7.09 (m, 2H).

3-Fluoro-6-(3-fluorophenyl)picolinonitrile. To a solution of 5-fluoro-2-(3-
fluorophenyl)pyridine 1-oxide (38 g, 0.183 mol) in acetonitrile (400 ml) was added
TMSCN (73 g, 0.734 mol) and Et3N (93 g, 0.917 mol). After the mixture was heated
at reflux for 12 h under N2, it was concentrated and purified by column chromato-
graphy (20% ethyl acetate in petroleum ether) to give 3-fluoro-6-(3-fluorophenyl)
picolinonitrile (20 g, 50%). 1H NMR (DMSO-d6 400 MHz) d 8.47–8.44 (m, 1H),
8.21–8.19 (m, 1H), 7.91–7.83 (m, 2H), 7.56–7.54 (m, 1H), 7.34–7.29 (m, 1H).

Diethyl 2-(2-cyano-6-(3-fluorophenyl)pyridin-3-yl)malonate. To a stirred solu-
tion of NaH (11.15 g, 278.81 mmol, 60%) in tetrahydrofuran (100 ml) was added
diethyl malonate (44.66 g, 278.81 mmol) in tetrahydrofuran (50 ml) drop-wise at
0 uC under N2. After the reaction mixture was stirred at 0 uC for 10 min, 3-fluoro-
6-(3-fluorophenyl)picolinonitrile (30 g, 138.8 mmol) in tetrahydrofuran (100 ml)
was added. After the reaction mixture was heated at reflux for 4 h under N2, it was
extracted with ethyl acetate (500 ml 32), washed with saturated NaCl (300 ml),
dried over Na2SO4, and concentrated to give the crude title product, which was
used for the next step directly (50 g, 100%).

Ethyl 2-(2-cyano-6-(3-fluorophenyl)pyridin-3-yl)acetate. To a solution of diethyl
2-(2-cyano-6-(3-fluorophenyl)pyridin-3-yl)malonate (50 g, 140.31 mmol) in DMSO
(300 ml), was added H2O (6 ml), LiCl (23.32 g, 550.02 mmol) and the mixture was
stirred at 100 uC overnight. After cooling to room temperature, it was extracted with
ethyl acetate (300 ml 33), washed with sat NaCl (300 ml), dried over Na2SO4, con-
centrated and purified by column (petroleum ether:ethyl acetate 5 8:1) to give the
title product as white solid (20 g, 50% over two steps). 1H NMR (400 MHz, DMSO-
d6) d 8.33 (d, J 5 8.4 Hz, 1H), 8.11 (d, J 5 8.4 Hz, 1H), 7.96–7.87 (m, 2 H), 7.59–7.54
(m, 1H), 7.36–7.31 (m, 1H), 4.16–4.10 (m, 2H), 4.02 (s, 2H), 1.19 (t, J 5 7.0 Hz, 3H).

Ethyl 2-(2-cyano-6-(3-fluorophenyl)pyridin-3-yl)-3-(dimethylamino)acrylate.
A solution of compound ethyl 2-(2-cyano-6-(3-fluorophenyl)pyridin-3-yl)acetate
(50 g, 0.176 mol) and dimethylformamide-DMA (168 g, 1.41 mol) in dimethylfor-
mamide (200 ml) was heated at 80 uC overnight. The mixture was concentrated
and purified by column chromatography to give the product (45 g, 75%). 1H NMR
(400 MHz, DMSO-d6) d 8.24 (d, J 5 8.4 Hz, 2H), 7.96 (d, J 5 8.0 Hz, 2H), 7.92 (m,
1H), 7.88 (d, J 5 8.4 Hz, 1H), 7.72 (s, 1H), 7.57–7.53 (m, 1H), 7.34–7.29 (m, 1H),
4.07–3.97 (m, 2H), 2.74–2.70 (s, 6H), 1.11 (t, 3H).

Ethyl 8-amino-2-(3-fluorophenyl)-1,7-naphthyridine-5-carboxylate. A mixture
of ethyl 2-(2-cyano-6-(3-fluorophenyl)pyridin-3-yl)-3-(dimethylamino)acrylate
(6.5 g, 19.15 mmol) and NH4OAc (37 g, 478.84 mmol) in HOAc (60 ml) was heated
at 80–100 uC overnight. The mixture was cooled to room temperature and poured
into ice-water. The precipitate was collected and washed with ethanol (30 ml) to
give the desired product, which was used directly in the next step (4.0 g, 67%). 1H

NMR (400 MHz, DMSO-d6) d 9.21 (d, J 5 8.8 Hz, 1H), 8.63 (s, 1H), 8.44 (d,
J 5 9.2 Hz, 1H), 8.43–8.40 (m, 1H), 8.23–8.21 (m, 2H), 8.04–8.00 (br, 1H), 7.57–
7.53 (m, 1H), 7.32–7.29 (m, 1H), 4.32–4.27 (q, 2H), 1.34–1.31 (t, 3H).

8-Amino-2-(3-fluorophenyl)-1,7-naphthyridine-5-carboxylic acid. To a solu-
tion of ethyl 8-amino-2-(3-fluorophenyl)-1,7-naphthyridine-5-carboxylate (6.5 g,
20.88 mmol) in tetrahydrofuran/methanol/H2O (10:2:1) (300 ml) was added NaOH
(3.34 g, 83.5 mmol) at room temperature After the solution was stirred for 2 h at
65 uC, organic solvent was removed under reduced pressure and H2O (50 ml) was
added. The pH was adjusted to 8.0, the precipitate was collected by filtration and
dried to give the desired product (5.9 g, 100%).

tert-Butyl 1-(cyclopropanecarbonyl)azetidin-3-ylcarbamate. To a mixture of
cyclopropyl carboxylic acid (11.88 g, 138.01 mmol) in anhydrous dichloromethane
(400 ml) was added diisopropylethylamine (44.59 g, 345.02 mmol) and HATU (O-
(7-Azabenzotriazol-1-yl)-N,N,N9,N9-tetramethyluronium hexafluorophosphate;
52.47 g, 138.01 mmol). After the mixture was stirred at room temperature for
15 min, tert-butyl azetidin-3-yl carbamate trifluoroacetic acid salt (24.0 g,
115.01 mmol) was added and the reaction mixture was stirred at room temperature
for another 3 h. The mixture was diluted by ethyl acetate, washed with saturated
aqueous Na2CO3, saturated citric acid and brine. The organic layer was dried, con-
centrated, and purified by column to give the desired product (25.0 g, 90.5%). 1H
NMR (400 MHz, DMSO-d6) d 7.58 (d, J 5 7.6 Hz, 1H), 4.42 (t, J 5 8.0 Hz, 1H),
4.34–4.26 (m, 1H), 4.03–3.99 (m, 2H), 3.67–3.64 (m, 1H), 1.52–1.46 (m, 1H), 1.38
(s, 9H), 0.71–0.65 (m, 4H).

(3-Aminoazetidin-1-yl)(cyclopropyl)methanone trifluoroacetic acid salt. To a
solution of tert-butyl 1-(cyclopropanecarbonyl)azetidin-3-ylcarbamate (25.0 g,
104.04 mmol) in anhydrous dichloromethane (150 ml) was added trifluoroacetic
acid (30 ml). After the reaction mixture was stirred at room temperature overnight,
it was concentrated, and purified by column chromatography (10% CH3OH in
dichloromethane) to give the desired product (22.0 g, 89.1%). 1H NMR (400 MHz,
DMSO-d6) d 8.19 (br, 3H), 4.50–4.46 (m, 1H), 4.19 (dd, J 5 9.2, 3.2 Hz, 1H), 4.08–
3.99 (m, 2H), 3.84–3.78 (m, 1H), 1.57–1.51 (m, 1H), 0.74–0.70 (m, 4H).

8-Amino-N-(1-(cyclopropanecarbonyl)azetidin-3-yl)-2-(3-fluorophenyl)-
1,7-naphthyridine-5-carboxamide (GNE-495). To a solution of 8-amino-2-
(3-fluorophenyl)-1,7-naphthyridine-5-carboxylic acid (500 mg, 1.77 mmol) in
dimethylformamide (5 ml) were added PyBOP (benzotriazol-1-yl-oxytripyrroli-
dinophosphonium hexafluorophosphate; 1.10 g, 2.12 mmol) and diisopropylethy-
lamine (456 mg, 3.53 mmol) at room temperature, followed by (3-aminoazetidin-1-yl)
(cyclopropyl)methanone trifluoroacetic acid salt (297 mg, 2.12 mmol). After the
mixture was stirred at room temperature overnight, it was poured into water,
the solid was collected by filtration and washed with CH3OH (10 ml) to give the
desired product (400 mg, 56%). 1H NMR (400 MHz, DMSO-d6) d 9.04–8.86 (m,
2H), 7.63–7.50 (m, 1H), 8.43 (d, J 5 9.2 Hz, 2H), 8.34 (s, 1H), 8.25 (d, J 5 8.1 Hz,
1H), 7.90–7.48 (m, 3H), 7.28 (td, J 5 8.5, 2.6 Hz, 1H), 4.86–4.68 (m, 1H), 4.55 (t,
J 5 8.2 Hz, 1H), 4.24 (dd, J 5 8.6, 5.3 Hz, 1H), 4.16 (t, J 5 8.9 Hz, 1H), 3.89 (dd,
J 5 9.7, 5.5 Hz, 1H), 1.67–1.45 (m, 1H), 0.71 (dd, J 5 7.9, 4.7, 4H). LC/MS (ESI1):
m/z 406.4 (M1H1).
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Extended Data Figure 1 | The roles of a subset of MAP4Ks and Notch in the
HUVEC sprouting assay. a, A diagram illustrating the cellular and sub-
cellular structures in the three-dimensional (3D) culture of HUVECs coated on
beads35. A sprout refers to the multi-cell structure that resembles a capillary.
These sprouts grow out of the HUVECs coated on the surface of the plastic
beads, and their length increased over time. The structures associated with
each individual endothelial cell in this culture system are indicated on the
diagram. Subcellular protrusions are membrane structures between 5 and
10mm in width and are irregularly shaped. Filopodia are significantly thinner
than subcellular protrusions (,1mm) and are linear. b, Representative bright
field images of HUVEC sprouts treated with the indicated siRNA, GNE-220,
or a Notch pathway inhibitor DBZ (Notchi) after 1 and 4 days in culture.
These images were taken from similar cultures that generated data presented in
Fig. 1a. These figures showed the two types of images we used to monitor and
quantify HUVEC sprouting behaviours. Unlike siMAP4K4 or GNE-220,
DBZ did not increase subcellular protrusions and accumulation of aberrant
structures near the beads; instead, it increased branching of capillary-like
sprouts. c, Distribution of subcellular protrusion lengths in the HUVEC
sprouting assay after 1 day in culture. Treatment with siMAP4K4 or GNE-220
significantly increased the number of subcellular protrusions longer than

40mm. Data represent means from 4 experiments. d, The number of total
subcellular protrusions per bead from the same experiments as b. e, Dose–
response curve relating the number of long protrusions (.40mm) to GNE-220
concentration after 24 h with inhibitor treatment. n 5 4 independent
cultures. f, Western blot analysis showing MAP4K4 knockdown efficiency
in HUVEC for three independent siRNAs 72 h after transfection.
g, Representative bright field images of HUVEC sprouts after 1 day in culture
with MAP4K4 knockdown using three independent siRNA. h, Quantitative
PCR measuring mRNA levels of four closely related human MAP4K genes
after knockdown with the indicated siRNA pools. Knockdown of MAP4K4
does not affect other kinases. i, Representative bright field images of HUVEC
sprouts after knockdown with the indicated siRNA after 1 day in culture.
In b, g and i, red arrows indicate sprouts consisting of cell bodies, white arrows
indicate subcellular membrane protrusions, and asterisks indicate beads coated
with HUVEC. j, Quantification of experiment shown in i showing only
MAP4K4 knockdown results in increase of long protrusions (.40mm).
Scale bars, 50mm. For all extended figures: error bars represent standard error
of the mean (s.e.m.); statistical significance between the indicated sample versus
control, or the marked pairs are: *P , 0.05, **P , 0.01, ***P , 0.001, or
NS (P $ 0.05) by statistical analysis described in the Methods.
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Extended Data Figure 2 | The roles of MAP4K4 and Dll4-Notch in
regulating HUVEC proliferation, migration, and subcellular structures in
the HUVEC sprouting assay. a, Quantification of HUVEC nuclei number per
bead in the 3D culture at the indicated time points in the presence or absence
of GNE-220 or anti-Dll4 antibody. While inhibition of Notch-Dll4 signalling
increased cell number, GNE-220 had no significant effect. n 5 16 beads per
condition. Representative of 4 experiments. b, Representative images of
HUVEC sprouts stained with DAPI (blue) and EdU (green). After 4 days in
culture, cells were incubated with EdU for 16 h before staining and imaging.
c, Quantification of percentage of nuclei that score as EdU positive. n 5 4

experiments. d, Wound area as a function of time in the HUVEC scratch
wound healing assay treated with control siRNA, siMAP4K4 or GNE-220.
n 5 6 independent cultures. e, Representative images of HUVEC sprouts after
1 day in culture with the indicated treatments. siMAP4K4 and GNE-220
increased long subcellular protrusions but anti-Dll4 had no effect on these
structures. Red arrows indicate sprouts, white arrows indicate protrusions.
f, Quantification of images shown in e. n 5 3 experiments. g, Quantification of
filopodia number and dynamics in HUVEC sprouts from experiments
described in Supplementary Video 3. Scale bars, 100mm.
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Extended Data Figure 3 | Additional characterizations of Map4k4
conditional knockout mice. a, Schematic representation of the Map4k4 floxed
allele used in this study. When this floxed allele is present in cells expressing
Cre, recombination results in the deletion of sequence encoding the MAP4K4
catalytic domain and introduces a stop codon at amino acid 144. If the
truncated protein (amino acids 1–144) could be translated, it is expected to be
non-functional and probably unstable. b, Summary of genotypes detected from
progenies of the indicated cross. Genotype distribution is consistent with
embryonic lethality based on Chi-squared analysis. P value indicates the
probability of obtaining a distribution similar to the expected distributions for
lethality or non-lethality. c, Quantitative RT–PCR analysis of Map4k4
normalized to mRPS13 in isolated endothelial cells and non-endothelial cells
from Map4k4fl/fl::Tie2-Cre positive (1) embryos versus Map4k4fl/fl::Tie2-Cre
negative (2) littermates. n 5 3–4 embryos per genotype. d, Map4k4 CKO
embryos and wild-type littermates harvested at the indicated stages. Arrows

indicate focal haemorrhage and oedema. Scale bar, 1 mm. e, Quantification of
ERG-positive endothelial cell nuclei normalized to vascularized areas in
E14.5 head skins derived from control or CKO embryos. n 5 7 control
embryos, 4 CKO embryos. f, Representative confocal images of E14.5
embryonic head skin after 4 h labelling with EdU. Vessels stained with CD31
(blue), endothelial cell nuclei stained with ERG (green), proliferating nuclei
marked as EdU positive (red). White arrows indicate proliferating endothelial
cells. g, endothelial cell proliferation in the embryonic head skins were
quantified as % of EdU1 cells in all ERG1 cells. n 5 9 control embryos, 7 CKO
embryos. h, Fraction of membrane protrusions along the vascular front
with indicated lengths in control and CKO embryonic head skins. n 5 3
animals per genotype. Asterisks indicate statistics between control and CKO.
i, Total number of protrusions along the vascular front in control and CKO
head skins per mm vascular front. n 5 3 animals per genotype.
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Extended Data Figure 4 | Additional characterizations of Map4k4
conditional and inducible knockout mice. a, Confocal images of E14.5 head
skin vasculature stained with VE-Cadherin in control and CKO embryos.
Bottom panels are enlarged view of the boxed areas. b, Quantification of
endothelial cell junction morphology in control and CKO animals shown in
panel a. As defined in Bentley et al.43, the ‘‘active’’ junction refers to diffused
or serrated junction that reflects junctional remodelling, the ‘‘inhibited’’
morphology refers to linear junctions that reflect relative junctional stability,
and the ‘‘mixed’’ junction contains both morphologies within the defined
length. n . 13 regions per group, 2 embryos per genotype. Scale bars represent
12mm. c, Permeability of confluent HUVEC monolayers with the indicated
treatments was measured by FITC-dextran trans-well diffusion over time.
n 5 3 experiments. d, Quantitative RT–PCR results depicting Map4k4

expression levels relative to mRPS13 as a function of time after birth for control
and iKO animals. Pups were injected with 80 mg per kg (body weight)
tamoxifen once daily starting on P1, and mRNA were isolated and measured
from tail clips on P3, P5, and P7. n 5 4 control mice, 6 iKO mice for all time
points. e, Representative confocal images of P7 retinal vasculature 16 h after
EdU injection. Vessels stained with IsoB4 (blue), endothelial cell nuclei stained
with ERG (green), proliferating nuclei marked as EdU positive (red). Arrows
indicate EdU1 endothelial cells. f, Quantification of EdU1 endothelial cells
normalized to total ERG1 cells in the retina. n 5 5 control animals, 6 iKO
animals. g, Representative confocal images of control and iKO retina on P7
stained with desmin to highlight pericytes (green) and IsoB4 to indicate
endothelial cells (red). h, Quantification of pericyte coverage from experiments
shown in d. n 5 6 animals per genotype. Scale bars in e and g, 50mm.
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Extended Data Figure 5 | HUVEC sprouting assay with individual MSN
siRNAs and MAP4K4 kinase activity on moesin. a, Representative bright
field images of HUVEC bead sprouts transfected with three independent
siRNA targeting MSN after one day in culture. Red arrows indicate sprouts
consisting of cell bodies, white arrows indicate subcellular protrusions, and
asterisks indicate beads coated with HUVEC. Scale bar, 50mm. b, Western blot
confirmed knockdown of MSN 72 h after transfection with three independent

siRNAs. c, ATP consumption rates of recombinant activated MAP4K4 kinase
domain against full-length moesin or a peptide corresponding to amino acids
surrounding T558 in moesin. d, Western blot of reaction products from
c showing moesin phosphorylation at T558. t, total. e, Western blot of the
indicated total and phosphorylated (p) proteins from HUVEC transfected with
the indicated siRNA. n 5 3 experiments.
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Extended Data Figure 6 | The roles of MAP4K4 and moesin on myosin and
focal adhesions. a, Western blot analysis of HUVEC lysates 72 h after
transfection with MAP4K4 siRNA with (1) or without (2) 24 h treatment with
GNE-220. b, Representative images of HUVEC treated with siMAP4K4 or
GNE-220 and stained with p-myosin. c, A representative image of HUVEC
stained with phalloidin to highlight actin (red), active INTb1 (green), and
DAPI (blue) (left). Right, automated segmentation of long focal adhesions (red)
overlaying on top of active INTb1 staining (green) and the outline of the cell
(blue). d, Epifluorescent images of HUVEC transfected with the indicated
siRNA pools. Active b1 (green) and b3 (red) integrins mark mature and
nascent focal adhesions, respectively. DAPI staining is shown in blue.

e, Confocal images of HUVEC treated with control siRNA, siMAP4K4 or GNE-
220 and stained with paxillin (left) and integrin aVb5 (right). f, Epifluorescent
images of HUVEC transfected with control siRNA or siRNA targeting the
39 UTR of MSN. siRNA-treated cells were electroporated with constructs
expressing GFP, or GFP-tagged wild-type moesin or moesin(T558A) (green)
and stained with active INTb1 antibody (red). Arrows indicate cells expressing
GFP or GFP-tagged proteins. g, Quantification of long FAs in GFP positive
cells shown in f. Interestingly, expression of the moesin(T558A) construct
moderately increased long FAs, indicating that this construct may have weak
dominant negative activity. n 5 3 experiments for all panels. Scale bars, 10mm.
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Extended Data Figure 7 | Further characterizations of MAP4K4 and moesin
in retraction fibres, FA dynamics, and integrin activity. a, Confocal images
of retraction fibres in HUVEC infected with empty viral vector (bottom) or
viral construct expressing HA-MAP4K4 and stained with anti-HA antibody
(red) and pERM (green). We evaluated 13 commercially available anti-
MAP4K4 antibodies in HUVECs with and without siMAP4K4, but failed to
identify any antibody that specifically stained MAP4K4 on cells. Overexpressed
MAP4K4 was then used to evaluate its distribution. b, c, FA assembly rates
(b) and average FA decay time (c) in HUVEC expressing paxillin–GFP.
Quantification was done using the Focal Adhesion Analysis Server (http://
faas.bme.unc.edu/). n 5 8 videos per condition. d, TIRF images of retraction
fibres in HUVEC stained with total INTb1 (red) and pERM (green). e, TIRF
images of retraction fibres in HUVEC stained with pERM (green) and talin
(red). f, FACs analysis of active and total INTb1 in CHO cells expressing
mCherry alone, mCherry-tagged moesin FERM domain, or mCherry-tagged
Band4.1 FERM domain. Each bar represents the mean of more than 3
independent pools of CHO cells transfected with the indicated constructs.
Integrin activation in this experiment relied on endogenously expressed Talin.
g, Recombinant wild-type or mutant integrin b1ICD coated beads were

incubated with talin for one hour (1 h) except the sample labelled O/N
(overnight, lane 3 from the left), followed by the addition of the indicated
competitor proteins. The pulled-down or input proteins were analysed by
western blotting. Comparison between lanes 3 and 5 indicates
that one-hour incubation allowed maximal talin binding with integrin b1ICD
similar to overnight incubation. IP, immunoprecipitation. h, Quantification
of talin and moesin associated with b1ICD-coated beads in the presence of
increasing concentrations of moesin. n 5 3 experiments. i, Talin and moesin
at the indicated quantities were co-incubated with beads coated with
INTb1ICD. The immunoprecipitated proteins were analysed by western
blotting. Increased talin input reduced moesin binding to b1ICD, suggesting
that talin competes with moesin for binding tob1ICD. j, FACs analysis of active
and total INTb1 in CHO cells expressing mCherry alone, mCherry-tagged
wild-type talin or moesin FERM domain, or the indicated mCherry-tagged
talin-moesin chimaeric FERM domain. To avoid the confounding effect of
moesin-FERM’s inhibitory activity, we gated for cells with low FERM
expression where moesin-FERM was insufficient to inhibit INTb1. Cells
expressing the same levels of mCherry were gated and analysed for total
and active INTb1. n 5 3 experiments. Scale bars, 5mm.
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Extended Data Figure 8 | Additional information about the integrin-a5b1
antibodies, MAP4K4 inhibitor GNE-495, and a model depicting how
MAP4K4 and moesin regulate FA disassembly. a, HUVEC migration assay
results plotted as number of cells migrated through the membrane (y-axis)
versus the concentrations of antibodies (x-axis). The graph shows that the anti-
human INTa5b1 MAb 18C12 dose dependently inhibited migration of
HUVECs on fibronectin. b, CHOB2-ma5b1 cells migration assay results
plotted as number of cells migrated through the membrane (y-axis) versus the
concentrations of antibodies (x-axis). The graph shows that the anti-murine
INTa5b1 monoclonal antibody 10E7 dose-dependently inhibited migration of
CHOB2-ma5b1 on fibronectin. Data presented in a and b were derived from 6
independent samples per condition. Detail information about MAbs 18C12
and 10E7 can be found in the Methods. Note that since HUVEC expressed
several fibronectin receptors, inhibition of migration by an anti-a5b1 MAb
was partial even at high MAb concentrations, whereas CHOB2 cells are

deficient for many integrins44, inhibition of CHOB2-ma5b1 cells migration by
an anti-a5b1 MAb was more profound. c, Quantitative PCR measurement of
Map4k4 normalized to mRPS13 using cDNA from neonatal tail clips of P7 mice
with the indicated Map4k4 genotypes (control or iKO) after injection with
tamoxifen and the indicated antibodies. d, Model for MAP4K4 regulation
of membrane retraction. Upon phosphorylation by MAP4K4, the FERM
domain of activated moesin competes with talin-FERM for binding to active
integrin, leading to integrin inactivation and FA disassembly. These events
promote efficient membrane retraction to enable cell migration. Additional FA
components omitted for simplicity. e–g, Characterization of the MAP4K4
selective inhibitor GNE-495: dose response curves relating GNE-495
concentration to long membrane protrusions in HUVEC bead sprouting assay
(e), pERM-positive spikes (f), and long FAs in 2D HUVEC culture 24 h after
GNE-495 treatment (g). Data represent average of 4 independent cultures.
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Extended Data Figure 9 | The role of MAP4K4 in pathologic angiogenesis.
a, b, Murine pancreatic (KPP-1) and lung (TC-1) cancer cells were implanted
subcutaneously in control and Map4k4iKO/iKO sibling mice. Mean volumes
of KPP-1 tumours from 10 mice per genotype (a) and TC-1 tumours from
15 mice per genotype (b) were measured over time. Per IACUC guidance, at the
later time points, mice with tumour volumes exceeding 1,000 mm3 (KPP-1)
or 2,500 mm3 (TC-1) were euthanized and no longer included in the mean
tumour volume calculation. On day 20 for the KPP-1 study: n 5 9 for the
control group, n 5 10 for the iKO group. On day 24 for the TC-1 study: n 5 11
for the control group, n 5 14 for the iKO group. c, Representative confocal
image of a KPP-1 tumour section stained with FITC-lectin (green), CD31 (red)
to indicate how functional vessels were analysed. White arrowhead indicates a
perfused vessel (double positive for FITC-lectin and CD31, shown as yellow),
blue arrow indicates a non-perfused vessel (single positive for CD31).
d, Quantification of perfused tumour vessels on whole tumour sections from
the KPP-1 model. Each dot represents the mean value of an entire tumour from
a mouse. e, Quantification of tumour vessel areas normalized to the viable
tumour areas on whole tumour sections from the KPP-1 model revealed no
significant change in tumour vascular density in the iKO host. Each dot
represents the mean value of an entire tumour from a mouse. f, Representative
confocal projection image of a KPP-1 tumour thick section stained with CD31
to indicate how long subcellular protrusions were analysed. Arrow indicates a
sprout, yellow lines indicate the subcellular protrusions. g, Quantification of
long protrusions in each tumour. Each dot represents the mean value of

multiple micrographs from the tumour of one mouse. A total of 170
protrusions were analysed. Scale bars represent 100mm for c and f. Regarding
e, the lack of significant change in tumour vascular density is not surprising
as we observed a delay in vascularization balanced by the accumulation of
endothelial cells in the already vascularized areas (Figs 2b, f, 6b), resulting in a
lack of overall density change. Decreased perfusion may reflect the blood
vessel structural alteration due to the aforementioned endothelial cell
accumulation (Fig. 1a red arrowheads). h–l, Effects of the MAP4K4 inhibitor
GNE-495 was evaluated in an oxygen-induced retinopathy (OIR) model that
mimics vascular pathologies in human proliferative diabetic retinopathy and
retinopathy of prematurity. h, Confocal images of P17 retinas stained for
isolectin-B4 from mice subjected to the OIR procedure and treated with either
vehicle or GNE-495. Red asterisks mark areas of vaso-obliteration (avascular
area) resulting from high oxygen damage. Right, close-up views of the
boxed areas. Red arrows mark pathologic vascular tufts. i, Areas of pathologic
vascular tufts normalized to retinal areas. Control retinas contain numerous
pathological neovascular tufts, which is largely absent from the GNE-495
treated retinas, revealing the inhibitory effect of GNE-495 on pathologic
angiogenesis. j, Avascular areas normalized to retinal areas. GNE-495 increased
avascular area, indicating an inhibition of vascular regrowth into the oxygen
damaged avascular area. k, Autofluorescence of red blood cells indicative of
haemorrhage (white asterisks) in retinas from the same experiment shown in
h–j. l, Haemorrhagic areas normalized to retinal area illustrates that GNE-495
reduced haemorrhage. Each dot represents one animal. Scale bar, 50mm.
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