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Netrins Promote Developmental and
Therapeutic Angiogenesis
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Axonal guidance and vascular patterning share several guidance cues, including proteins in the
netrin family. We demonstrate that netrins stimulate proliferation, migration, and tube formation
of human endothelial cells in vitro and that this stimulation is independent of known netrin
receptors. Suppression of netrinla messenger RNA in zebrafish inhibits vascular sprouting,
implying a proangiogenic role for netrins during vertebrate development. We also show that netrins
accelerate neovascularization in an in vivo model of ischemia and that they reverse neuropathy and
vasculopathy in a diabetic murine model. We propose that the attractive vascular and neural
guidance functions of netrins offer a unique therapeutic potential.

euronal pathfinding is directed by a series
of extracellular guidance cues that either
attract or repulse growing axons. All of
the four major families of neural guidance cues—
ephrins, semaphorins, slits, and netrins—have been
shown to direct patterning in the vascular system
(I—4). The netrins are the prototypical axonal
attractants, first identified as extracellular factors
secreted from the floor plate that attract spinal
commissural axons toward the midline (5). This
family includes netrin-1, netrin-2 (netrin-3 in
mouse), netrin-4, and the netrin-related mol-
ecules, netrin-G1 and netrin-G2.
The signaling pathways for netrin-1 are best
understood. Receptors in the deleted in colo-

rectal cancer (DCC) subfamily (DCC and neo-
genin) mediate axon attraction toward netrin-1
(2), although this signal can be converted from
an attractive to a repulsive cue by binding of
netrin to the Unc5b receptor (6). The adenosine
2b receptor (A2b) reportedly binds to netrin-1
(7), but its role in netrin-mediated axonal ex-
tension has been questioned (8).

Netrins have roles that extend beyond axonal
guidance. The netrins are expressed in Schwann
cells, are required for regeneration and main-
tenance of the central nervous system (9, 10), and
have been implicated in the development of
mammary gland, lung, pancreas, and blood vessel
(11-14). Although others have reported that

netrin-1 inhibits endothelial migration and blocks
filopodial extension through the repulsive netrin
receptor Unc5b (/4), we have suggested that
netrin-1 functions as a proangiogenic factor (13).

Netrins are endothelial mitogens and chemo-
attractants. To further elucidate the activity of
netrins, we first evaluated the effects of purified
netrin proteins on the behavior of human micro-
vascular endothelial cells (HMVECs) in vitro.
Netrin-1, -2, and -4 all stimulated migration of
HMVECs in a dose-dependent fashion (Fig. 1),
inconsistent with a published report concluding
that netrin-1 inhibited migration of endothelial
cells (/4). To exclude the possibility of contam-
ination in our netrin preparations, we used mass
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spectroscopy and SDS—polyacrylamide gel elec-
trophoresis (SDS-PAGE) to show that they were
>95% pure. Moreover, depletion of the media by
antibody to netrin removed all promigratory ac-
tivity (fig. S1). Because the previous report used
conditioned media containing netrin-1 (1 pg/ml)
(14), we also considered the possibility that netrin
could be inhibiting an induced migratory behavior
of endothelial cells. We therefore examined the
effect of the netrins on vascular endothelial
growth factor (VEGF)-induced migration (Fig.
1B) and found that, even at the published con-
centrations, netrins did not inhibit endothelial
migration toward VEGF. Netrin-1, -2, and -4
were also found to stimulate endothelial prolifer-
ation and tube formation (Fig. 1, C and D) but,
despite their structural similarities to the laminin
family of extracellular matrix proteins, did not
promote endothelial cell adhesion. The chemo-
tactic and mitogenic effects of the netrins were
reproduced in two different laboratories using
similar but not identical protocols. These effects
were observed on HMVECs and other endothelial
cell lines, including human umbilical vein endo-
thelial cells (HUVECs), human umbilical artery
endothelial cells (HUAECs), human coronary
artery endothelial cells (HCAECSs), and murine
endothelial cells (MS1s) (fig. S2).

Because of the suggestion that Unc5b mediates
signaling by netrin-1 in the endothelium (/4), we
examined expression of Unc5b and the other
known netrin receptors in the endothelial cell
lines used in our cell biology assays (Fig. 2A). By
using quantitative, real-time reverse transcription
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polymerase chain reaction (RT-PCR), we
detected high concentrations of the endothelial
receptors roundabout 4 (Robo4), platelet endo-
thelial cell adhesion molecule (PECAM), and
VEGF receptor—2 (VEGFR-2 or Flk-1) but did
not detect significant expression of Unc5b or the
other known netrin receptors. Western blots using
antibodies directed against DCC, neogenin, or
Unc5b were similarly negative. We then used co-
immunoprecipitation to test whether netrin-4
binds Unc5b and the other netrin receptors.
Although netrin-1 bound as predicted to all
known netrin receptors, netrin-4 did not bind to
DCC, neogenin, or the Unc5 receptors (Fig. 2B
and fig. S3), despite having activity similar to that
of netrin-1 in endothelial cell assays and in vitro
axon extension experiments (/5, /6). We also
revisited the possibility that A2b could serve as
an endothelial netrin receptor (/, 2, 17, 18). We
found that netrin-1 and netrin-4 did not bind to
A2b (Fig. 2C) or stimulate A2b-mediated cyclic
adenosine monophosphate (cAMP) production
(Fig. 2, D and E) and that adenosine antagonists
did not inhibit netrin’s biologic effect (fig. S3).
Together, the expression, binding, and signaling
experiments indicate that the proangiogenic
response of cultured human endothelial cells to
netrins, especially netrin-4, is not mediated by
known netrin receptors.

Zebrafish netrinla is required for parachordal
vessel formation. The effects of exogenous
netrins on cultured endothelial cells led us to
examine the required roles of endogenous netrin
by using fli:egfp zebrafish embryos, whose
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Fig. 1. Netrin function in vitro. (A) Migration of HMVECs toward netrins.
Migration was measured in a Boyden chamber containing varying
concentrations of netrin-1 or netrin-4 in the lower well. The number of
migrating cells was normalized to a 0.1% bovine serum albumin (BSA)
control (Ctl); the positive control was 13 ng/ml VEGF. Note that 50 ng/ml
netrin-1 or -4 and 13 ng/ml VEGF are equimolar (0.625 nM). Bars represent
mean + SEM of 24 separate determinations. (B) Migration of HMVECs
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endothelium expresses enhanced green fluores-
cent protein (EGFP) (19) (Fig. 3). From <24 to
32 hours postfertilization (hpf), the netrin-1
ortholog, metrinla, was expressed strongly in
the ventral neural tube, weakly in the somites,
and strongly in muscle pioneer cells in the hori-
zontal myoseptum (HMS), which divides ven-
tral from dorsal somites (20) (Fig. 3H). It was
reported that injecting a translation-blocking anti-
sense morpholino oligonucleotide (MO) at the
one-cell stage leads to ectopic vascular sprout-
ing at 48 hpf (/4). In our studies, this MO caused
severe defects during gastrulation at even mod-
erate doses, suggesting a requirement for ma-
ternally transcribed netrinla. To avoid these
confounding defects, we used a splice-blocking
MO targeting the netrinla exonl-intronl bound-
ary, which abolished normal mRNA splicing but
did not grossly affect overall trunk morphology
(Fig. 3, A and B, and fig. S4). In netrinla MO-
injected embryos (morphants), the interseg-
mental vessels (ISVs) and the dorsal longitudinal
anastomotic vessels (DLAVs) formed normally.
However, formation of the parachordal vessels
(PAVs) was strongly inhibited (Fig. 3, C and G). In
netrinla morphants at 50 to 54 hpf, 60% (29/48)
of hemisegments lacked all fli:egfp-positive
cells at the presumptive position of the PAV, a
condition almost never seen in uninjected wild
types (1%, 1/99) or control morphants (4%, 5/128).
After 24 hpf, the posterior cardinal vein (PCV)
normally gives rise to secondary sprouts, which
grow dorsally (27) (Fig. 3, C and I) and by
~36 hpf contribute to the PAV, which becomes
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visible as fli:egfp-positive cells at the HMS,
coincident with domains of strong netrinla ex-
pression (27) (Fig. 3H). In netrinla morphants at
36 hpf, 66% (79/120) of hemisegments lacked

Sflizegfp-positive cells at the HMS, which was

never seen in uninjected controls (0/115). Sec-
ondary sprouts from the PCV seemed to form
normally in nefrinla morphants at 36 hpf (Fig.
3D); at 50 hpf, secondary sprouts at the HMS
occasionally extended ectopic projections as
though searching to form a PAV (Fig. 3G) (14).
The absence of PAVs in netrinla morphants,
together with the strong expression of netrinla
messenger RNA (mRNA) by muscle pioneers
that prefigures the PAV, are most consistent with
a proangiogenic role for netrinla.

Netrins promote neovascularization in mam-
malian models. The cell biology and zebrafish
data led us to hypothesize that netrins could in-
duce neovascularization in vivo. We therefore
compared netrins with VEGF in their ability to
promote angiogenesis and reperfusion in a mu-
rine model of hindlimb ischemia (22). The iliac
artery of FVB/NJ mice was ligated, resulting in
severe vascular perfusion defects. Blood flow was
measured with laser Doppler imaging and
quantitated as the ratio of ischemic to nonischemic
limbs. Expression of netrin-1, netrin4, and VEGF
complementary DNA molecules (cDNAs) was
driven by a cytomegalovirus (CMV) enhancer
and a Rous sarcoma virus (RSV) promoter that
were characterized previously in preclinical and
clinical trials of VEGF (23-27). The base ex-
pression vector (empty vector) was used as a
control. All constructs were delivered locally into
the ischemic gastrocnemius muscle at 0, 7, 14,
and 21 days after induction of ischemia. Imaging
revealed that hindlimb perfusion was significant-
ly improved 7 days postsurgery in mice injected
with netrin-1, netrin-4, or VEGF constructs com-
pared with those of mice injected with empty
vector (Fig. 4A). Serial Doppler measurements
demonstrated continued improvement in limb
perfusion, with the greatest effect at 28 days after
induction of ischemia. Histological analysis after
day 28 showed a significantly greater (>twofold)
capillary density and reduced fibrosis in the
netrin-1—, netrin-4— and VEGF-treated animals
(fig. S5). Interestingly, more vessels stained posi-
tive for smooth muscle o-actin in netrin-1-treated
animals than in netrin-4— or VEGF-treated ani-
mals, suggesting a greater number of vessels with
medial layers.

The dual role of netrin in guiding nerves and
blood vessels suggests that netrins may have
unique therapeutic potential. In diabetes and re-
lated metabolic syndromes, neural and vascular
compromise appear together clinically (28, 29).
Reduced nerve conduction velocity is an early
marker of neuropathy in diabetic models, such
as db/db mice, and is secondary to a combina-
tion of pathologic effects on neuronal cells and
compromise to perineural vascular beds (vasa
nervora). To examine whether netrins reverse
diabetic vasculopathy and neuropathy in db/db

mice, we delivered netrin-1 and netrin-4 expres-
sion constructs into their hindlimbs every 7 days
for a total of 28 days. After 7 days of treatment
with vectors expressing netrin-1, netrin-4, or
VEGEF, both motor and sensory sciatic nerve
conduction velocities in db/db mice returned to
nondiabetic amounts and were significantly bet-
ter than empty vector-injected controls (Fig. 4).
At 14 days, the conduction velocities in netrin-
I-treated mice continued to improve beyond
nondiabetic values, whereas those measured in
either netrin-4— or VEGF-treated animals re-
mained near normal nondiabetic conduction ve-
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locities. The improvement in conduction velocities
in db/db mice treated with netrin-1, netrin-4, or
VEGF was associated with increased capillary
density of the vasa nervora surrounding the
sciatic nerve (fig. S6). The increased capillary
density was correlated with endothelial prolifer-
ation as measured by 5-bromo-2’-deoxyuridine
(BrdU) incorporation and lectin staining. The
amounts of endothelial proliferation in netrin-
1-, netrin-4—, and VEGF-treated animals were
similar, although animals exposed to netrin-1—-
containing vectors showed proliferation of cells
that also expressed the Schwann cell marker
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Fig. 2. Angiogenic effects of netrin-1 and netrin-4 are not mediated by known or postulated netrin
receptors. (A) Quantitative real-time RT-PCR of DCC receptors (DCC and neogenin), Unc5 receptors (U5a to
U5d), Robo4 (R4), PECAM (PEC), and VEGF receptor (Flk1). Expression amounts were measured relative to
that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and compared with transcript amounts in
brain tissue (normalized to 1). The absence of bars indicates values less than 0.1. (B) Co-immunoprecipitation
(co-IP) of purified receptor-Fc fusion proteins (N-terminal) and 10X-His-tagged netrin proteins (C-
terminal). Immunoblotting (IB) performed with antibody to His or receptor-specific antibody. (C) Co-IP of
purified netrin-1-His and netrin-4—His incubated with lysates of A2b—hemagglutinin (HA)-transfected
human embryonic kidney (HEK) 293T cells. Precipitation and immunoblot were carried out by using
antibodies against HA and His, respectively. (D and E) Stimulation of cAMP accumulation by 5™-(N-
ethylcarboxamido) adenosine (NECA) and netrins. HEK cells were transfected with vectors expressing A2b
or the G protein—coupled receptor, arginine vasopressin receptor-2 (mock), and exposed to increasing
concentrations of NECA (D) or netrin-1 or netrin-4 (E). Error bars indicate SEM.
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Fig. 3. Knockdown of zebrafish
netrinla prevents formation of
a specific vessel, the PAV.
flizegfp zebrafish embryos were
injected at the one- to two-cell
stage with a control MO or a
splice-blocking netrinla MO and
analyzed at 36 to 54 hpf. (A
and B) Brightfield images.
Scale bar, 400 um. (C to G)
Confocal projections showing lat-
eral views of somites 7 to 11;
anterior to the left. Embryo in (E)
is tilted to visualize both sides.
Red arrows indicate PAV in
control embryos; blue arrows
indicate absence of PAVs in
morphants; green arrows indicate
secondary sprouts growing dor-
sally from the PCV in controls
and morphants. Scale bar, 50
um. (G) Secondary sprouts occa-
sionally give rise to short
branches at the presumptive
location of the PAV (green
arrows). (H) In situ hybridization
for netrinla shows strong stain-
ing at the HMS (red arrows). 24
hpf, lateral view of somites 7 to

14. Scale bar, 50 pm. NT, neural tube. (1) Schematic, 24 to 36 hpf. Netrinla is expressed at the horizontal myoseptum through 32 hpf; weak expression in
somites not shown. By 36 hpf, secondary sprouts (blue) arise from the PCV and begin to form the PAV at the myoseptum. DA, dorsal aorta; No, notochord.
(J) Schematic, 48 to 54 hpf. By this time, ISVs have started to acquire arterial or venous fates. The PAV is mature and connected to the veins by shunts.

Without netrinla function, the PAV does not form.
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netrin-1, netrin-4, and
empty vector DNA expres-
sion plasmids (50 pg of
DNA in 100 pl of saline in
each group) were locally
injected into the right gas-
trocnemius muscle imme-
diately, 7, 14, and 21 days
after surgery. Laser Doppler
perfusion imaging was
used to record serial blood
flow measurements over
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the course of 4 weeks post-
operatively, as previously
described (32). In these
digital color-coded images,

red indicates regions with maximum perfusion, yellow depicts medium perfusion, and blue identifies low perfusion. Scale bar, 3 mm. Color bar in lower right
corner displays absolute values in readable units (RU). (B) Motor nerve conduction velocities (MNCVs) in db/db mice 7 days after injection with VEGF,
netrin-1, or netrin-4. (C) Sensory nerve conduction velocities (SNCVs) in db/db mice 7 days after injection with VEGF, netrin-1 (NT1), netrin-4 (NT4), or

empty vector constructs. Uninjected, nondiabetic mice serve as controls in both (B) and (C). Error bars indicate SEM.
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S100. These data suggest that netrin-1 reverses
vascular and neural pathology in db/db mice by
stimulating both endothelial and Schwann cells
and may account for the superior recovery of
nerve conduction seen in netrin-1—treated db/db
mice.

Conclusion. By using zebrafish and mam-
malian systems, loss-of-function and gain-of-
function strategies, and in vivo and in vitro
assays, we have shown that netrins stimulate
angiogenesis. First, netrin-1, -2, and -4 induce
migration, proliferation, and tube formation in
multiple endothelial cell lines. Surprisingly, we
could identify none of the known netrin re-
ceptors as being responsible for these behav-
iors. Second, the inhibition of netrinla mRNA
in zebrafish reveals a requirement for netrin
signaling in formation of PAVs. Lastly, netrins
can activate blood vessel formation and accel-
erate revascularization and reperfusion of
ischemic tissue in two murine disease models.

It has been proposed that netrin signaling in
the vasculature can be mediated by the repul-
sive Unc5b receptor and that the experimental
attenuation of either netrins or Unc5b results in
increased branching of vessels in zebrafish and
mice (/4). However, we could not detect sig-
nificant amounts of Unc5b in any of the re-
sponsive cell lines, nor could we detect any
binding of Unc5b to netrin-4, despite the fact
that netrin-4 elicits an endothelial response
identical to that of netrin-1 in all of our in vitro
and in vivo assays. Moreover, we were unable
to find any evidence that netrins can inhibit vas-
cular growth in vivo. Knocking down netrinla
mRNA in zebrafish by using a splice-blocking
MO prevents formation of the PAV, implying a
proangiogenic role. PAVs are absent in both
netrinla and unc5b morphants in the published
work of others [figure 2 of Lu et al. (14)]. These
authors did not remark upon these findings and
focused on ectopic sprouting in their morphants
at 48 hpf. We also observed ectopic sprout-
ing, but this occurred in a minority of netrinla
morphants and appeared secondary to loss of the
PAV at 36 hpf. The temporal sequence of events
during zebrafish embryogenesis is most consist-
ent with a role of netrin as a positive regulator of
angiogenesis. We also generated mice carrying a
targeted deletion of exons 4 to 13 of the Unc5b
locus (figs. S7 and S8). Embryos homozygous
for this mutation show normal branching of cra-
nial, intersomitic, hindbrain, and yolk sac ves-
sels; whether this is due to allelic difference or
strain background (shown to modify the Unc5b
phenotype) is currently under investigation.

The ability of netrins to promote the growth
of both neurons and vasculature has made them
a promising therapeutic target for treating a
number of degenerative diseases. Our studies
demonstrate that netrins promote neovascular-
ization and reperfusion in a murine model of
peripheral vascular disease. In fact, vectors ex-
pressing netrin-1 and netrin-4 are comparable in
effectiveness to vectors expressing VEGF that

are currently being tested in phase II clinical
trials. A potential advantage of netrin-1 over
VEGEF is that it enhances capillary density and
stimulates smooth muscle cells to form a vas-
cular media in both in vitro (/3) and in vivo
studies (fig. S5). Microvascular disease and
polyneuropathy are morbid complications of
long-standing diabetes whose onset is delayed
but not prevented by intensive blood glucose
control with insulin or oral agents (30, 37). Here,
we show that the netrins restore nerve function
and vascular supply in a murine model of dia-
betes. Although netrin-1 has proangiogenic ef-
fects similar to those of VEGF and netrin-4 in
this model, our data suggest that netrin-1 is
superior in restoring nerve conduction velocity,
possibly because it has potent effects on both
endothelial and neural biology. This report
provides proof of concept for a novel therapeu-
tic strategy aimed at using the dual vascular and
neural regenerative properties of guidance
molecules to treat diabetic complications that
result from vasculopathy and neuropathy and
sets the stage for further investigation.
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The Neurospora Checkpoint Kinase 2:
A Regulatory Link Between the
Circadian and Cell Cycles

Anténio M. Pregueiro, Qiuyun Liu,? Christopher L. Baker,®

Jay C. Dunlap,* Jennifer J. Loros™?*

The clock gene period-4 (prd-4) in Neurospora was identified by a single allele displaying
shortened circadian period and altered temperature compensation. Positional cloning followed
by functional tests show that PRD-4 is an ortholog of mammalian checkpoint kinase 2 (Chk2).
Expression of prd-4 is regulated by the circadian clock and, reciprocally, PRD-4 physically interacts
with the clock component FRQ, promoting its phosphorylation. DNA-damaging agents can reset the
clock in a manner that depends on time of day, and this resetting is dependent on PRD-4. Thus,
prd-4, the Neurospora Chk2, identifies a molecular link that feeds back conditionally from circadian

output to input and the cell cycle.

any core components of cellular circa-
Mdjan clocks constitute molecular feed-
back loops (/—4). Additional circuits,
although not required for circadian function, can

connect the clock to its outputs or even feed back
to affect the core loops or input to them (5-7).
In mammals, one prominent circadian output
leads to regulation of the cell cycle (§-10).
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