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Slits are large, secreted repulsive axon
guidance molecules. Recent genetic stud-
ies revealed that the Slit3 is dispensable
for neural development but required for
non-neuron–related developmental pro-
cesses, such as the genesis of the dia-
phragm and kidney. Here we report that
Slit3 potently promotes angiogenesis, a
process essential for proper organogen-
esis during embryonic development. We
observed that Slit3 is expressed and se-
creted by both endothelial cells and vas-
cular smooth muscle cells in vasculature

and that the Slit cognate receptors Robo1
and Robo4 are universally expressed by
endothelial cells, suggesting that Slit3
may act in paracrine and autocrine man-
ners to regulate endothelial cells. Cellular
function studies revealed that Slit3 stimu-
lates endothelial-cell proliferation, pro-
motes endothelial-cell motility and chemo-
taxis via interaction with Robo4, and
accelerates endothelial-cell vascular net-
work formation in vitro with a specific
activity comparable with vascular endo-
thelial growth factor. Furthermore, Slit3

stimulates neovessel sprouting ex vivo
and new blood vessel growth in vivo.
Consistent with these observations, the
Slit3 knockout mice display disrupted an-
giogenesis during embryogenesis. Taken
together, our studies reveal that the repul-
sive axon guidance molecule Slit3 is a
novel and potent angiogenic factor and
functions to promote angiogenesis in co-
ordinating organogenesis during embry-
onic development. (Blood. 2009;114:
4300-4309)

Introduction

The axon guidance molecule Slits are large, secreted proteins and
are highly conserved from Caenorhabditis elegans to verte-
brates.1-4 Mammals have 3 Slit proteins (Slit1-3). Slits bind to Robo
receptors to induce repulsive signaling during axon guidance and
neuronal migration.5,6 Slit1-3 show both overlapping and distinct
expression patterns.7-9 Slit1 and Slit2 are expressed prominently in
the central nervous system. In contrast, Slit3 is widely expressed in
the central nervous system and peripheral tissues and organs, such
as the developing tongue, kidney, genital ridge, pharynx, umbilical
cord vein, atrial wall of heart, lung, and diaphragm.7-9 Consistent
with the expression patterns, the authors of mouse genetic stud-
ies8-10 have established that Slit1 and Slit2 are essential for neural
development, whereas Slit3 is dispensable. Instead, Slit3 is re-
quired for diaphragm and kidney genesis, revealing that Slit3
critically regulates non-neuron–related developmental processes.8,9

Angiogenesis refers to the generation of new blood vessels from
existing capillary plexus in response to angiogenic stimuli.11-13

Angiogenesis is finely orchestrated, in which growing vessels
navigate through a complex extracellular environment to their
target sites in a tightly controlled series of guidance decisions.14

During embryonic development, growing blood vessels and navi-
gating nerves are in close proximity, resemble each other, and
follow similar routes to form branching networks, suggesting that
vascularization and innervation may share common mechanisms in
choosing and following specific paths to reach their respective
destinations.14,15 The patterning of nerves is regulated by attractive
and repulsive guidance cues.14,16 Four major families of neuronal

guidance factors have been identified, including semaphorin,
ephrin, netrin, and slit, along with their cognate receptors, nurophi-
lin, Eph, uncoordinated-5, and Robo.16 The authors of recent
genetic studies17-19 observed that ephrin-B2, semaphorin, and
netrin critically control angiogenesis in vitro and in vivo, demon-
strating that common molecular mechanisms are truly shared by
vascularization and innervation.

The Slit–Robo interaction is implicated in angiogenesis as
well.15,20-22 Slit2 was found to interact with Robo1 and Robo4,
which are expressed by endothelial cells (ECs) to modulate EC
migration and to participate in tumor angiogenesis, thus demonstrat-
ing that Slit2 directly modulates angiogenesis. Slit3 was reported to
be expressed in vessels23,24; however, the role of Slit3 in angiogen-
esis is not known. In this study, we examined the angiogenic effect
of Slit3 and demonstrated that Slit3 is a novel and potent
angiogenic factor. Our studies also demonstrate that Slit3 promotes
developmental angiogenesis to accommodate organogenesis dur-
ing mammalian development.

Methods

Immunohistochemical analysis, cell culture, and transcript
analysis

The immunostaining of mouse tissue sections and the isolation and culture
of ECs and vascular smooth muscle cells (VSMCs)25-28 are described in the
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supplemental Methods (available on the Blood website; see the Supplemen-
tal Materials link at the top of the online article). The University of Georgia
Institutional Animal Care and Use Committee approved our use of both
mice and rats for these studies.

RT-PCR analysis

Total RNA of cells was extracted with RNeasy Kit (Qiagen) and reverse-
transcribed by Improm-II Reverse Transcription System (Promega). The
RT-PCR primers were designed by the use of Primer Designer 1.0 software
with Tm at approximately 60°C. Primer pairs for Slit1-3, Robo1-4, and
vascular endothelial growth factor (VEGF) are listed in the supplemental
Methods. Real-time reverse-transcription polymerase chain reaction (RT-
PCR) was performed by the use of the IQ SYBR Green real-time PCR Kit
(Bio-Rad) following the manufacturer’s instructions. Cycle threshold
values from triplicate assays were collected to calculate fold expression
compared with Slit3 expression in the same sample.

Transfection, immunoprecipitation, Western blot, and F-actin
staining

Plasmids encoding full-length human Slit3-myc, Robo1-HA, Robo4-HA, or
control empty vectors were transfected into HEK 293 cells. Conditioned
medium (CM) from the Slit3-myc or control vector–transfected cells were
collected 72 hours after the transfection and concentrated by the use of a
Biomax-100K ultra-free filter (Millipore). Lysate from the cells transfected
with Robo1-HA, Robo4-HA, or control vector were prepared with lysis
buffer (0.5% NP-40; 50 mmol/L Tris, pH 7.5; 150 mmol/L NaCl; 1 mmol/L
ethylene diamine tetraacetic acid; 50 mmol/L sodium fluoride; 1 mmol/L
Na3VO4; 1 mmol/L dithiothreitol; 1 mmol/L phenylmethylsulphonyl fluo-
ride; 25 �g/mL aprotinin; 25 �g/mL leupeptin, and 150 �g/mL benzami-
dine), and mixed with the collected CM. The Slit3–Robo complex was
pulled down by agarose beads conjugated with anti-HA antibody (Santa
Cruz Biotechnology Inc) and analyzed by Western blot with the use of
anti-Myc antibody (Santa Cruz Biotechnology Inc).22,29 For F-actin stain-
ing, subconfluent human umbilical vein ECs (HUVECs) grown on slide
chambers were fixed with 4% paraformaldehyde and permeabilized in 0.1%
Triton-X100 in phosphate-buffered saline. After washing, the cells were
stained with tetramethylrhodamine isothiocyanate (TRITC)–phalloidin (Mo-
lecular Probes) in 0.1% Triton-X100. Cell cytoskeleton images were
acquired by an Olympus confocal microscope (Olympus).

Cell proliferation

The mitogenic activity of Slit3 on ECs was measured by the CellTiter 96
AQ One solution cell proliferation assay (Promega). In brief, ECs at 103 per
well were seeded to a 96-well plate. After serum starvation for 16 hours, the
cells were cultured in media containing 0.5% fetal bovine serum and test
factors (bovine serum albumin [BSA], Slit3, VEGF, or fibroblast growth
factor [FGF]-2) for 2 days. After the addition of the CellTiter 96 AQ One
solution and incubation for an additional 1 hour, the absorbance at 490 nm
was measured by the use of an OPTI-microplate reader (Thermo Electron
Corp). The cell proliferation rate was determined by the fold increase of the
absorbance over BSA control.

Cell motility

Cell motility was assessed by the wound healing assay and Boyden
Chamber Transwell analysis as described in the supplemental Methods.27

For Robo functional blocking experiments, test antibodies (1 �g/well),21,30

soluble extracellular domain of Robo1, soluble extracellular domain of
Robo4,20 or proper controls were added to the lower chamber.

Rho GTPase activity analysis

Rac1, RhoA, and Cdc42 activities were assessed following the protocols of
the EZ-Detect Rho GTPase assay Kit (Pierce) and are described in the
supplemental Methods.

EC tube formation

HUVECs (3 � 104 cells/well) suspended in EBM-2 medium containing
BSA (1.3 nmol/L), Slit3 (0.8 nmol/L), VEGF (1.5 nmol/L), or FGF-2
(1.8 nmol/L) were seeded on growth factor-reduced matrigel coated
48-well culture plates.25,27 After 6 hours in culture, capillary-like tube
formation was photographed by a phase contrast microscope. Total tube
length (TTL) of the formed tubes was quantified by ImageJ software.

Rat aortic ring assay

Thoracic aortas harvested from 2-month-old Fisher-344 male rats (Harlan)
were cut into 1- to 2-mm small pieces, placed into 48-well plates precoated
with matrigel, and then covered with another layer of matrigel.31 After
gelatinization, serum-free EBM-2 media containing BSA (1.3 nmol/L),
Slit3 (0.8 nmol/L), VEGF (1.5 nmol/L), or FGF-2 (1.8 nmol/L) was
applied. The microvessel sprouting from the adventitial layer of the aortic
ring was photographed on day 7. The sprouting vessels were ranked using
the following scale: 0, no sprouting; 0.25, isolated sprouting; 0.5, sprouting
in 20% to 50% of the arterial circumference; 1, sprouting in 50% to 75% of
the circumference; 1.5, sprouting in 100% of the circumference; and 2,
100% of the artery circumference occupied by sprouts longer than one-third
of the length of the average radius of the rings.

Chorioallantoic membrane (CAM) assay

In brief, fertilized specific pathogen-free eggs (Charles River) were
incubated in an egg incubator at 37°C, with 60% humidity and constant
fresh air.32 On day 3, a window (1 cm � 1 cm) right above the embryo was
opened and sealed with dual-pore film (Denville Scientific). On day 8,
1-mm3 Gelfoam sponge (Upjohn) soaked with test growth factors was
applied onto the CAM through the established window and incubated for
another 3 days. The CAM around the graft was then fixed with 4% fresh
paraformaldehyde, cut out, and photographed under a dissection micro-
scope (SMZ 1500, Nikon). The microvessels that moved toward the grafts
were counted by blinded reviewers.

Corneal micropocket angiogenesis assay

Corneal micropocket angiogenesis assay was performed as previously
described.33 In brief, slow-releasing pellets were prepared by homoge-
neously mixing test factors with sucralfate and 12% hydron (both from
Sigma-Aldrich). To implant the pellets into mouse cornea, 6- to 8-week-old
C57BL/6 mice (the Jackson laboratory) were anesthetized with Avertin
(400 mg/kg, Sigma-Aldrich). The animals were placed in lateral recum-
bency, and the globe was carefully proptosed by retracting the lids with
straight tying forceps. By using an operating microscope (Wild/Leica
M691, Endure Medical) and a von Graefe knife No. 3, we placed a 0.3- to
0.4-mm linear, midstromal incision in the center of the cornea.
A micropocket was then created from the incision toward the lateral limbus
with sliding motions of the microknife and with care not to perforate the
cornea. A pellet was implanted into the micropocket, and topical erythromy-
cin ointment was applied. After 5 days, the corneas were examined with
slit-lamp biomicroscopy (SL14) and photographed under a dissection
microscope (Nikon). The neovascularization in mouse corneas was quanti-
fied using the formula: 0.063 � vessel length (mm) � clock hour using
ImageJ software.

Results

Slit3, Robo1, and Robo4 are coexpressed in vasculature

Slit was observed to express in ECs; however its expression profiles
are unclear.9,21,23 This was examined at first by semiquantitative
RT-PCR analysis. As shown in Figure 1A, Slit2 and Slit3 were
highly expressed in HUVECs and in the primary ECs isolated from
mouse lung and diaphragm but not liver. The expression pattern
and abundance of Slit1-3 in HUVECs and in the primary mouse
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lung, liver, and diaphragm ECs were further confirmed by real-time
RT-PCR analysis (Figure 1B and data not shown). To visualize
Slit3 protein in vasculature, cryosections of mouse tissues were
double stained with anti-mouse platelet-EC adhesion molecule-1
(PECAM-1), a marker specific for ECs, and specific anti-Slit3
(supplemental Figure 1) antibodies. Consistent with the mRNA
transcript analysis, Slit3 was highly expressed in ECs in the lung
and brain of adult mice (Figure 1C; supplemental Figure 2A-D).
However, the endothelial Slit3 expression was low in kidney and
not in the liver (supplemental Figure 2I-N) and heart (data not
shown). Furthermore, colocalization staining observed that Slit3
also was abundantly expressed in the cells outside of the EC layer,
indicating that VSMCs also express Slit3 (Figure 1C; supplemental
Figure 2A-D). This was confirmed by semiquantitative and real-
time RT-PCR analyses of rat brain VSMCs (Figure 1A; data not
shown), and by coimmunostaining mouse lung and brain tissue
with anti-�-smooth muscle actin (anti-�-SMA), a specific marker
for SMCs (Figure 1D; supplemental Figure 2E-H). To further
determine whether the expressed Slit3 can be secreted, an enzyme-
linked immunosorbent assay (ELISA) method was developed in
which recombinant Robo1 protein was coated onto plates and
bound Slit3 was detected with specific anti-Slit3 antibody. By the
use of this method, Slit3 was detected in the CM collected from
mouse lung ECs, HUVECs, and VSMCs (supplemental Figure

2O), suggesting that Slit3 can be secreted into the extracellular
matrix from both ECs and VSMCs in vasculature.

Robos are the putative receptors for Slits, and their expression
profile in vasculature also has not been clearly defined.20-22,34,35 By
using semiquantitative and real-time RT-PCR analyses, we ob-
served that HUVECs and the primary ECs isolated from mouse
lung, diaphragm, and liver universally express low levels of Robo1
and high levels of Robo4 (Figure 1A). In addition, mouse lung ECs
also expressed Robo2 and Robo3 (Figure 1A). In situ immunostain-
ing and Western blot analysis of EC lysates further confirmed
endothelial expression of Robo1 and Robo4 (Figure 1D; supplemen-
tal Figure 2P). Given that Slit3 is secreted in vasculature, this
observation suggests that Slit3 may interact with endothelial Robos
to modulate EC function in angiogenesis.

Slit3 is an EC mitogen

To determine whether Slit3 modulates EC functions, we first tested
whether Slit3 is an EC mitogen. Because full-length Slit3 protein is
not available, we used a purified, recombinant mouse Slit3
fragment, which contains the biologically active leucine-rich repeat
regions (Ser27-His901, R&D Systems). Slit3 was supplemented in
primary EC culture at 0 to 0.4 nmol/L. After 2 days, the cell
numbers were determined. As shown in Figure 2, compared with

Figure 1. Slit3, Robo1, and Robo4 are expressed in
vasculature. (A) Semiquantitative RT-PCR analysis de-
termined the mRNA transcripts of Slit1-3 and Robo1-4 in
HUVECs, primary mouse ECs from lung (LuEC), dia-
phragm (DiEC), and liver (LiEC), and primary rat brain
VSMCs (BrSMC). (B). Real-time RT-PCR analyses of the
expression profile of Slit1-3 (black bars) and Robo1-4
(red bars) in HUVECs. The data are presented relative to
the Slit3 expression. (C-D). Coimmunostaining. Cryosec-
tions of adult mouse lung tissues were immunostained
with anti-PECAM-1 (red), anti-�-SMA (red), and anti-His,
anti-Slit3, anti-Robo1, or anti-Robo4 (all green) antibod-
ies. Slit3, Robo1, and Robo4 colocalized with PECAM-1
(merged), whereas no anti-His staining was observed,
showing that the staining of Slit3, Robo1, and Robo4
were specific. Cells outside PECAM-1–positive cells
were observed to also express Slit3, Robo1, and Robo4
(indicated by white arrowhead), suggesting that Slit3 may
also be expressed by VSMCs. This was confirmed by the
colocalization of �-SMA with Slit3, Robo1, and Robo4
(merged) in vasculature. The colocalization of Slit3,
Robo1, and Robo4 with PECAM-1 or �-SMA in the boxed
areas in the merged images are shown at a higher
magnification. High level of Slit3 and low levels of Robo1
and Robo4 are expressed by epithelial cells of bronchium
(indicated by light blue arrowhead) but not bronchial
SMCs (arrow), which express only low levels of Robo1
and Robo4. Scale bar, 120 �m.
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Figure 2. Slit3 stimulates EC proliferation. The cell
number of the cultured mouse lung ECs (A) and HUVECs
(B) was measured after the addition of recombinant Slit3
at 0 to 0.40 nmol/L in the culture medium. BSA (1.3 nmol/
L) served as a negative control, whereas VEGF
(0.50 nmol/L) served as a positive control. The data are
presented as -fold increase in cell number relative to the
BSA control. The results were from 3 independent experi-
ments in triplicate and are expressed as mean � SD.
Asterisks indicate the treatment that yielded statistically
significant differences in comparison with BSA control
(*P � .05; **P � .005, Student t test).
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BSA treatment (1.3 nmol/L, negative control), both mouse ECs and
HUVECs showed dose-dependent mitogenic responses to Slit3.
The mitogenic activity of 0.4 nmol/L Slit3 was comparable with
0.5 nmol/L VEGF, a well-known EC mitogen. Cell cycling analysis
found that Slit3 stimulated more ECs in the M phase and did not
induce EC apoptosis (data not shown), indicating that the pro-
liferating effect of Slit3 was caused by accelerating EC mitosis.
In conclusion, these observations demonstrate that Slit3 is a potent
EC mitogen.

Slit3 is chemoattractant for ECs

During angiogenesis, high EC motility is critically required for
vessel sprouting to form new vasculature.11,14,36 Slit2 was observed
to modulate cell motility, and this function is conserved among
various cell types, including neuronal cells, ECs, and leuko-
cytes.10,21-23 Recently, Slit3 was implicated in modulating the
motility of macrophages.37 These observations suggest that Slit3
may also modulate EC motility. Cell motility includes 2 types of
cell movement, the autonomous migration and chemotaxis. We
initially examined whether Slit3 is able to enhance EC autonomous
migration by supplementing Slit3 in culture in the cell-wounding
assay. VEGF, a growth factor known to promote EC motility, and
BSA were used as positive and negative controls, respectively. The
migration of ECs from the wounded edge into the denudated area
was quantified by measurement of the gap width. As shown in
Figure 3A, compared with the BSA treatment (1.3 nmol/L), Slit3
dose dependently promoted EC migration into the wounded area.
Quantification revealed that after 24 hours of the treatment, the gap
width of 0.8 nmol/L Slit3-treated wells was comparable with that
of 1.5 nmol/L VEGF (0.36 � 0.06 for Slit3 vs 0.28 � 0.04 for
VEGF, P � .50), thus showing that Slit3 vigorously promotes EC
motility (Figure 3B). To determine whether Slit3 induces EC
chemotaxis, the Boyden Chamber assay was carried out by
supplementing Slit3, VEGF, or BSA in the lower chamber with ECs
loaded in the upper chamber. The ECs that migrated onto the
bottom side of the Transwell were counted. As shown in Figure
3C-D, Slit3 dose dependently promoted EC transmigration. At
0.8 nmol/L, Slit3 induced a 6.5-fold increased migration of mouse

lung ECs and a 2.5-fold increased migration of HUVECs, showing
a chemotactic activity comparable with VEGF at 1.5 nmol/L (6.9-
and 3.0-fold increased migration of mouse lung ECs and HUVECs,
respectively; Figure 3C-D). Together, these observations revealed
that Slit3 potentially enhances both autonomous migration and
chemotaxis of ECs, exhibiting that Slit3 is a potent chemoattractant
for EC migration.

Slit3 does not alter VEGF expression in ECs

Among the many factors implicated in angiogenesis, VEGF has
been identified as the most potent and predominant angiogenic
factor. Many molecules induce angiogenesis through stimulation of
VEGF biosynthesis and function as indirect proangiogenic factors,
such as fibroblast growth factor-4.38 To test whether Slit3 stimu-
lates VEGF secretion and/or augments VEGFR2 expression to
induce EC proliferation and migration, the expressions of VEGF
and VEGFR2 in HUVECs were examined before and after treating
with Slit3 for 12 and 24 hours in culture. As shown in Figure 4A to
C, the Slit3 treatment did not alter VEGF and VEGFR2 expression
at transcript and protein levels, suggesting that Slit3 directly
regulates EC functions.

Slit3 interacts with Robo4 to mediate endothelial
chemoattractance

Slits interact with their cognate Robo receptors to mediate the
biologic functions.5,14 ECs universally express Robo1 and Robo4,
suggesting that Slit3 may interact with Robo1 and/or Robo4 to
regulate EC functions. To test this hypothesis, we initially exam-
ined whether Slit3 interacts with Robo1 and Robo4. We observed
that Slit3 coimmunoprecipitated with both Robo1 and Robo4
(Figure 4D). This observation was further supported by positive EC
surface binding of Slit3 (Figure 4E-F). To determine whether Slit3
interacts with Robo1 and Robo4 directly, we further examined the
binding of Slit3 to Robo1 and Robo4 by ELISA by using purified
recombinant Slit3, Robo1, and Robo4 proteins. We observed that
Slit3 dose dependently bound to immobilized Robo1 and Robo4
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Figure 3. Slit3 promotes EC motility and migration.
(A-B) Wound healing assay. The confluent EC monolayer
was scratched to create a wounded gap (highlighted by
the dashed lines) and then cultured with a supplement of
BSA (1.3 nmol/L), recombinant Slit3 (0-0.80 nmol/L), or
VEGF (1.5 nmol/L). After 24 hours, the gap width relative
to the ones cultured with BSA was quantified.
(C-D) Modified Boyden Chamber assay. BSA, Slit3, or
VEGF was supplemented in the lower chamber, with
HUVECs (C) or mouse lung ECs (D) loaded in the upper
chamber. The data are presented as the -fold increase in
number of cells migrated to the bottom side of the
chamber relative to the BSA control. Data are summa-
rized from at least 3 independent experiments in triplicate
and presented as mean � SD. Asterisk indicates statisti-
cal difference compared with the BSA treatment by
Student t test (*P � .01; **P � .001).
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(Figure 4G-H) and that soluble Robo1 and Robo4 dose depen-
dently bound to immobilized Slit3 (supplemental Figure 3A-B).
Taken together, these examinations showed that Slit3 interacts with
both Robo1 and Robo4, confirming and also extending previous
findings.20,39,40

To test whether the Slit3–Robo interaction modulates EC
function, we applied the Slit3-induced EC chemotaxis assay as the
readout. The functional blocking anti-Robo1, anti-Robo4 (supple-
mental Figure 3C-D), or nonimmune antibody from the same
animal species was supplemented into the Slit3- or VEGF-
containing bottom chambers of the assay. As shown in Figure 5A,
the nonimmune and the anti-Robo1 antibodies had no effect on
Slit3-induced EC migration. In sharp contrast, the anti-Robo4
antibody completely inhibited the Slit3-induced EC migration.
Furthermore, all the antibodies did not affect VEGF-induced EC
migration, indicating that the blocking effect of the anti-Robo4
antibody was specific. We also carried out the experiment with R5,
a monoclonal antibody that binds to the first immunoglobulin
domain of Robo1 and blocks Slit2-Robo1 interaction,21,30 and
observed that the R5 did not inhibit the Slit3-induced EC migration
either (data not shown), confirming that the Slit3-induced EC
migration does not depend on Robo1. To alternatively confirm
these observations, we also repeated the experiments by using the
soluble extracellular domain of Robo1 or Robo4, which blocks
Robo1- and Robo4-mediated biologic functions, respectively.20,21

As shown in Figure 5B, soluble Robo4 strongly inhibited Slit3-
induced EC migration, whereas soluble Robo1 had no effect.
Furthermore, soluble Robo4 did not affect VEGF-elicited EC
migration, further confirming that the inhibitory effect was Robo4
specific (Figure 5B). In summary, these experiments supported

each other and revealed that Slit3 interacts with Robo4, but not
Robo1, to induce EC motility.

Slit3 was observed to be secreted from both ECs and VSMCs
(supplemental Figure 2O). Therefore, we also tested whether the
endogenous Slit3 interacts with Robo4 to induce EC chemotaxis.
We observed that the serum-free CMs collected from HUVEC and
VSMC cultures both induced EC migration, and the promigratory
function was partially inhibited by functional blocking anti-Robo4
antibody (Figure 5C), suggesting that the Slit3–Robo4 interaction
occurs to modulate EC function in vivo.

Slit3 triggers Rho GTPase activation and cytoskeleton
dynamics

Robo4 activation elicits Rho GTPase signaling, which results in
alternations of cytoskeleton organization, polarity, and motility of
ECs after the binding of unknown ligands.41 Therefore, we further
tested whether Slit3-Robo4 interaction triggers a similar intracellu-
lar signaling to promote EC motility. We measured endogenous
GTP-bound RhoA, Cdc42, and Rac1 of the Rho GTPase family in
ECs upon Slit3 stimulation by the GST-pull down assays. As shown
in Figure 5D, Slit3 elicited a rapid increase of Rac1 and RhoA
activation. The stimulated activation peaked at 5 minutes and
15 minutes for Rac1 and RhoA, respectively. Afterward, the RhoA
signaling returned to basal levels within 60 minutes, whereas Rac1
signaling declined but remained activated through all the time
period examined. No significant Cdc42 activation was observed. To
determine whether Slit3 interacts with Robo4 to activate the Rho
GTPases, HUVECs were stimulated with Slit3 in the presence of
the functional blocking anti-Robo4 antibody. We observed that the
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Figure 4. Slit3 has no effect on VEGF/VEGFR2 expression, binds on the EC surface, and interacts with both Robo1 and Robo4. (A-C) Slit3 treatment does not alter
VEGF/VEGFR2 expression in HUVECs. The expression of VEGF121 and VEGF165 transcripts in HUVECs were determined by quantitative RT-PCR analysis after adding
Slit3 or negative control BSA (both at 0.8 nmol/L) in culture for 12 and 24 hours. Glyceraldehyde 3-phosphate dehydrogenase was used as a loading control. The expression of
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P � .05 having no statistical significance. (D) Slit3 coimmunoprecipitated with Robo1 and Robo4. CM from Slit3-Myc or the empty control vector transfected cells were mixed
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least 3 times in triplicate.
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anti-Robo4 antibody, but not the nonimmune antibody, blocked
Slit3-induced Rac1 and RhoA activation, showing that Slit3
interacts with Robo4 to activate the Rho GTPases in ECs
(Figure 5E).

The RhoA pathway is necessary for EC contraction, stress fiber
assembly, and inhibition of spreading, whereas Rac1 is required for
the formation of actin-rich lamellipodia at the leading edges of
polarized cells.42 The activation of Rac1 and RhoA pathways by
Slit3 was further supported by the examination of EC morphology
upon Slit3 stimulation. As shown in Figure 5F, BSA-treated
HUVECs spread widely with few cells forming lamellipodia. In
contrast, Slit3-treated ECs showed typical migrating cell morphol-
ogy, including cell contraction and formation of multiple lamellipo-
dia. Consistent with these observations, TRITC–phalloidin staining
showed that in BSA-treated ECs, no stress fibers trespassed the
cytoplasm and few lamellipodia and filopodia were formed at the
cellular pole, showing only basal and low levels of RhoA and Rac1
activation, whereas the Slit3-treated ECs formed thick longitudinal
stress fibers across the cell body and actin-rich lamellipodia at the
leading edges, implying a dramatically increased activation of
RhoA and Rac1 signaling. Together, these data demonstrate that

Slit3 interacts with Robo4 to activate Rho GTPases to modulate EC
motility.

Slit3 promotes angiogenesis in vitro and ex vivo

ECs are capable of forming capillary-like structures on matrigel, a
multistep vascular morphogenesis process involving cell adhesion,
migration, differentiation, and growth.25,27,43 To assess whether
Slit3 can promote vascular morphogenesis in vitro, HUVECs
grown on matrigel-coated wells were treated with BSA (1.3 nmol/
L), Slit3 (0.8 nmol/L), VEGF (1.5 nmol/L), or FGF-2 (1.8 nmol/L).
After 6 hours of incubation, ECs cultured in Slit3-, VEGF-, and
FGF-2–supplemented wells congregated and formed significantly
more EC tubes than those cultured with BSA, demonstrating that
Slit3 accelerates vascular morphogenesis (Figure 6A). Quantifica-
tion of TTL revealed that the Slit3, FGF-2, and VEGF treatment
induced 3.0-, 4.0-, and 3.5-fold more TTL than the BSA control,
respectively (Figure 6B). To test whether Slit3 interacts with Robo4
to modulate the vascular morphogenesis, the tube formation assay
was repeated with functional blocking antibody. As shown in
Figure 6C-D, anti-Robo4 antibody, but not the nonimmune or the

Figure 5. Slit3 interacts with Robo4 but not Robo1 to induce EC chemotaxis and Rho GTPases activation and triggers intracellular actin cytoskeleton
reorganization. (A) Anti-Robo4 but not anti-Robo1 antibody blocked Slit3-induced EC migration. Nonimmune antibody (Ni-Ab, 1 �g), functional blocking anti-Robo1 (R1-Ab,
1 �g), or functional blocking anti-Robo4 (R4-Ab, 1 �g) antibody was supplemented in the bottom chamber containing BSA (1.3 nmol/L), Slit3 (0.8 nmol/L), or VEGF
(1.5 nmol/L). Slit3-induced HUVEC migration was quantified. The experiments were carried out at least 3 times in triplicate. The data are presented as mean � SD. ** indicates
P � .001 when a comparison was made with the wells treated with Slit3 and Ni-Ab by Student t test. (B). Soluble extracellular domain of Robo4 (sR4) but not the soluble
extracellular domain of Robo1 (sR1) inhibited Slit3-induced HUVEC migration. Slit3- and VEGF-induced HUVEC migration was similarly carried out as described in panel A
with supplement of heat-inactivated sR1, heat-inactivated sR4, active sR1, or active sR4 (each at 1 �g) in the lower chamber. Only the active sR4 showed an inhibitory effect on
the Slit3-induced HUVEC migration. Furthermore, neither Robo1 nor Robo4 affected the VEGF-directed EC migration. (C). CM collected from HUVEC and VSMC culture
induced Robo4-dependent HUVEC migration. The CM was collected from serum-free culture of HUVECs (EC-CM) and VSMCs (VSMC-CM), respectively, and tested for their
promigratory activity as described in panel A with or without the addition (1 �g) of Ni-Ab or R4-Ab. The R4-Ab but not the Ni-Ab partially inhibited the CM-induced HUVEC
migration, suggesting that endogenous Slit3 interacts with Robo4 to induce EC migration to promote angiogenesis. (D) Slit3 activates Rho GTPases. HUVECs before and after
Slit3 stimulation were lysed, and the GST pull-down assays were carried out to quantitate the GTP binding form of endogenous Rho GTPases (the active form, a-). The total
Rho GTPases (t-) were detected with corresponding antibody by Western blot analysis. The bands were quantified by density measurement. All the experiments were
performed 3 times independently. (E). Anti-Robo4 antibody blocked Slit3-induced activation of Rho GTPases. Ni-Ab (1 �g) or R4-Ab (1 �g) was supplemented in culture
medium before HUVECs received Slit3 (0.8 nmol/L) stimulation. After 15 minutes of the Slit3 treatment, the HUVECs were lysed for Rho GTPase analyses. (F) Slit3 triggers
actin cytoskeleton reorganization in ECs and formation of stress fiber and lamelipodia. Subconfluent HUVECs were serum-starved overnight, treated with Slit3 (0.8 nmol/L) or
BSA (1.3 nmol/L) for 30 minutes, and then stained with TRITC-phalloidin. Fluorescence images were captured at �20 magnification. Arrowheads indicate actin stress fibers
(white) and lamellipodia (green). Scale bar, 20 �m.
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anti-Robo1 antibody, disrupted Slit3-induced HUVEC tube forma-
tion, showing that Slit3 interacts with Robo4 to modulate vascular
morphogenesis in vitro.

To determine whether Slit3 initiates the formation of sprouting
microvessels from preexisting vessels, a central process of angio-
genesis, rat aortic ring assay, was carried out by supplementing the
test factors in culture medium for 7 days. As shown in Figure 6E,
the negative control BSA-treated aortic rings only had a few
observable blood vessels migrating from the adventitia, which were
very short with no branching in general. In sharp contrast, Slit3 and
VEGF and FGF-2, which served as positive controls, all stimulated
robust microvessel sprouting. The induced sprouting neovessels
were long, with 2 to 3 degrees of branches. Semiquantification of
the sprouting vessels revealed that Slit3 had a proangiogenic
activity comparable with VEGF, although weaker than FGF-2
(Figure 6F). We further tested whether Slit3 interacts with Robo4 to
initiate the ex vivo neovascularization by adding the anti-Robo4
functional blocking antibody or soluble Robo into the assay. As
shown in Figure 6G-H, the addition of anti-Robo4 antibody and
soluble Robo4 but not the nonimmune antibody or heat-inactivated
soluble Robo4 inhibited Slit3-induced microvessel sprouting, dem-
onstrating that Slit3 interacts with Robo4 to induce microvessel
sprouting in the assay. Taken together, these observations demon-
strate that Slit3 interacts with Robo4 to modulate angiogenesis and
is a potent proangiogenic factor in vitro and ex vivo.

Slit3 stimulates angiogenesis in vivo

To examine whether Slit3 can induce angiogenesis in vivo, CAM
and mouse corneal micropocket angiogenesis assays were per-
formed. In the CAM assay, gelfoam soaked with BSA (6.5 nmol/
L), Slit3 (4 nmol/L), or FGF-2 (18 nmol/L) was placed on the
chorioallantoic membrane of fertilized eggs, and the number of
blood vessels sprouting into the sponges was counted after 3 days.

As shown in Figure 7A-D, Slit3 and FGF-2 each induced signifi-
cantly more radial blood vessels that migrated to the sponge than
BSA. In the mouse corneal micropocket angiogenesis model,
slow-releasing hydron pellets supplemented with Slit3 (1.4 nmol/
L) or FGF-2 (6.4 nmol/L) were implanted into one mouse cornea,
with the second cornea of the same mouse was used as negative
control in which only the blank hydron pellet was implanted. As
shown in Figure 7E-H, 5 days after implantation Slit3 and FGF-2
induced limbic vessel looping, dilation, and sprouting. Immunohis-
tologic staining further showed that platelet-EC adhesion molecule-
1–positive ECs and platelet-derived growth factor �-receptor
(PDGFR)-positive VSMCs/pericytes were recruited in the Slit3-
induced neovasculature (Figure 7I-N). In contrast, the control
pellets did not induce any corneal angiogenesis. In together, the 2 in
vivo angiogenesis models consistently demonstrated that Slit3 is a
potent and bona-fide proangiogenic factor.

Deficiency of Slit3 disrupts angiogenesis in developing mouse
diaphragm

To test whether Slit3 modulates angiogenesis during development,
we further examined Slit3 knockout (Slit3�/�) mice. The Slit3�/�

mice exhibit a congenital diaphragmatic hernia (CDH) phenotype,
and Slit3 and Robo1/4 are expressed in wild-type developing
diaphragm (Figure 1A).24,25 We examined the vasculature of
developing diaphragms by whole-mount staining with an anti-
mouse PECAM-1 antibody on embryonic day 15.5, a stage when
the diaphragm is just formed and before the occurrence of CDH in
the Slit3�/� mice. As shown in Figure 7O-T, the phenotypically
normal Slit3 heterozygous (Slit3	/�) diaphragms had an uniform
vessel architecture with a regular branching pattern and density,
whereas the Slit3�/� diaphragms showed tortuous vascular patterns
with dramatically reduced density and branches. Quantification
revealed that, compared with Slit3	/� control, the total vascular

Figure 6. Slit3 induces angiogenesis in vitro and ex
vivo. (A) Slit3 induced EC tube formation. HUVECs
cultured on growth factor-reduced-matrigel were treated
with BSA (1.3 nmol/L), Slit3 (0.80 nmol/L), VEGF
(1.5 nmol/L), or FGF-2 (1.8 nmol/L). The images were
acquired 6 hours after the treatments. (B). The total tube
lengths of panel A were quantified. The data are summa-
rized from experiments performed 3 times in triplicate
and are presented as mean � SD. *P � .05 compared
with BSA control by Student t test. (C-D) The Anti-Robo4
Ab but not anti-Robo1 Ab inhibited Slit3-induced EC tube
formation. Slit3-induced HUVEC tube formation was
determined as described in panel A in the presence of
2 �g of nonimmune (Ni-Ab), anti-Robo1 (R1-Ab), or
anti-Robo4 (R4-Ab) antibody (Ab). (E) Rat aortic ring
assay. Rat aortic rings implanted in Matrigel supple-
mented with BSA (1.3 nmol/L), Slit3 (0.80 nmol/L), VEGF
(1.5 nmol/L), or FGF-2 (1.8 nmol/L). The images were
acquired 7 days after the treatments. Arrow indicates
sprouting neomicrovessels. Arrowhead indicates migrat-
ing fibroblast cells. (F) Quantification of the sprouting
neovessel followed the criteria described in “Methods.”
The data are shown as an average score of each
treatment � SD, n 
 6 for each test group. **P � .001
compared with BSA control by Wilcoxon signed-rank
test. (G-H) The soluble extracellular domain of Robo4
but not of Robo1 inhibited Slit3-induced neovasculariza-
tion in the rat aortic ring assays. Slit3-induced neovascu-
larization was repeated with the rat aortic ring assay in
the presence of BSA, soluble Robo1 (sR1), or soluble
Robo4 (sR4). BSA and FGF-2 alone served as negative
and positive control, respectively. **P � .001 compared
with Slit3 	 BSA group by Wilcoxon signed-rank test.
n 
 5 per test group.
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length and branch points in the Slit3�/�diaphragms were reduced
46.5% and 51.3%, respectively (Figure 7Q and T), showing
genetically that Slit3 functions as a proangiogenic factor to
modulate developing angiogenesis.

Discussion

Both blood vessel and nerves are vital channels to and from
tissues.14,15 Recent genetic studies have revealed that vasculariza-
tion and innervation share similar mechanisms in differentiation,
growth, and navigation toward their targets.17-22 Here we provide
new supporting evidence that the repulsive axon guidance mole-
cule Slit3 is a novel and bona-fide proangiogenic factor.

Slit3 was reported to express in the endothelium of mouse
lung.8,23 We extended this finding and observed that Slit3 is
expressed and secreted by both ECs and VSMCs, the 2 major cell
types of vasculature. We also observed that Robo1 and Robo4 are
universally expressed by ECs in various organs (Figure 1). These
findings suggest that Slit3 secreted from VSMCs and ECs may
function through both paracrine and autocrine mechanisms to
regulate EC functions in angiogenesis. This notion was supported
by our finding showing that Slit3 secreted from ECs and VSMCs
promoted EC migration (Figure 5C). Interestingly, Slit3 expression

in vasculature was observed in lung, brain, diaphragm, and kidney
but not in liver and heart, suggesting that the regulatory role of Slit3
in physiologic angiogenesis may occur only in specific organs.
Slit3�/� mice have normal neuronal development but exhibit
malformation of diaphragm and kidney, suggesting that the Slit3
deficiency may retard angiogenesis in diaphragm and kidney
during embryonic development, which, in turn, may lead to the
malformation of diaphragm and kidney in the Slit3�/� mice.7,9,22

We observed that angiogenesis in the developing diaphragm in
Slit3�/�mice is disrupted (Figure 7O-T), demonstrating directly
that Slit3 is proangiogenic in vivo and also highlighting that the
localized angiogenesis defect may represent the major cell mecha-
nism underlying the CDH phenotype of the Slit3�/� mice.

We unexpectedly found that Slit3, Robo1, and Robo4 are
expressed in VSMCs (Figure 1; supplemental Figure 2E-H). This
observation agrees with a recent report examining Slit3 expression
in human aorta VSMCs24 and suggests that Slit3 may function
similarly through the autocrine and paracrine mechanisms to
regulate VSMC function. In angiogenesis, ECs recruit VSMCs/
pericytes to form mature vascular structures. Several molecules are
known to express in vasculature and be involved in endothelial–
pericyte/VSMC interactions, such as transforming growth factor-�,
angiopoietin-1, and platelet-derived growth factor.11,12 The expres-
sion of Slit3, Robo1, and Robo4 by both ECs and VSMCs implies

Figure 7. Slit3 promotes angiogenesis in vivo and Slit3�/� mice
display disrupted angiogenesis in developing diaphragm. (A-D)
CAM assay. Gelfoam sponges soaked with Slit3 (4.0 nmol/L), FGF-2
(18 nmol/L), or BSA (6.5 nmol/L) were applied to chorioallantoic
membrane. After 72 hours, the membranes around sponges were
fixed and dissected out, and the number of vessels sprouting into
sponges were counted and represented as mean � SD (n 
 8 for
each group). The asterisk indicates a statistically significant in-
crease compared with BSA treatment (**P � .01 by Student t test).
(E-N) Mouse corneal micropocket assay. Hydron pellets containing
Slit3 (1.3 nmol/L) or FGF-2 (4.8 nmol/L) were implanted into micropock-
ets of the C57BL/6 mouse cornea. The pellets with only balanced
buffers were used as a negative control. On day 5, the corneal
neovascularization response to test factors was photographed and
quantified. To reduce experimental variation, every mouse was im-
planted into both eyes with either test-factor or control. n 
 8 for each
group. Asterisks indicate statistically significant difference in the
vessel area of the Slit3-inplanted cornea compared with the control
group by Student t test (H,**P � .01; ***P � .001). The mouse
corneas were further examined for ECs and pericytes/VSMCs by
immunostaining with anti-PECAM-1 (red) and anti-PDGFR (green)
antibodies, respectively. The control corneas (I-K) did not show any
PECAM-1 position cells, showing that neovascularization was not
induced, whereas the Slit3-implanted corneas (L-N) exhibited PECAM-
1–positive cells and were covered by PDGFR-positive pericytes/
VSMCs (indicated by the arrows), confirming that Slit3 potently
induced angiogenesis in cornea. Scale bare 
 50 �m. (O-T). Whole-
mount staining of embryonic day 15.5 diaphragms of Slit3	/� and
Slit3�/� mice with anti-mouse PECAM-1 antibody. Quantification of
the vascular parameter showed that, compared with the phenotypi-
cally normal littermate control Slit3	/� diaphragm, the Slit3�/� dia-
phragm showed reduced vascular density and branch points. n 
 4-6
for each group. Asterisks indicate statistically significant difference
compared with Slit3	/� control by Student t test (***P � .001). Red
scale bar 
 250 �m; black scale bar 
 100 �m.
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that the Slit3–Robo interaction may be a novel pathway to mediate
the cross talk between ECs and VSMCs during vascular maturation
in angiogenesis. This finding is supported by our observation that
Slit3 recruits both ECs and VSMCs/pericytes to form neovascula-
ture (Figure 7L-N); however, further studies are required to
vigorously test this hypothesis.

Cell proliferation is an essential process for formation of
neovessels.11,36 Some axon guidance molecules, such as netrin-1,
function as both guidance cues and mitogens for angiogen-
esis.29,44,45 Although Slit2 does not affect EC proliferation,21,22 our
results revealed that Slit3 is a potent EC mitogen (Figure 2). This
observation is consistent with previous studies in which the authors
showed that Slit3�/� mesenchymal cells in the central tendon
region of mice have reduced proliferation rates9 and that soluble
Robo4 inhibits EC proliferation.20 Activation of mitogen-activated
protein kinases Erk1/Erk2, P38, and AKT pathways are known to
mediate the mitogenic effect of growth factors such as VEGF and
FGF-2.25,27,36 We found that Slit3 actually down-regulates Erk1
activation (data not shown), which was consistent with a recent
report46 in which the authors showed Robo4 activation by overex-
pression attenuates Erk signaling, indicating that Slit3 elicits
intracellular signaling pathway(s) other than Erk to induce EC
proliferation.

In angiogenesis, ECs sense environmental cues and subse-
quently convert to migration signaling to follow specific naviga-
tional paths.11,12,14,36 The guidance function of Slits in EC migration
has merged but is somewhat controversial. Park et al22 showed that
Slit2 interacts with Robo4 to inhibit EC migration and the
inhibitory effect was abolished by Slit2 depletion from the CM,
whereas Wang et al21 observed that Slit2 interacts with Robo1 to
attract EC migration, revealing that Slit2 possesses a promigratory
property. Interestingly, in our studies we found that Robo4
signaling induced EC migration upon Slit3 stimulation, thus
showing a function opposite to Slit2-Robo4 interaction, which
suggests that the role of Robo4 in angiogenesis may depend on
which Slit ligand it binds. Collectively, these observations suggest
that the temporal and spatial expression profiles of Slits and Robos
may determine the net role of Slit-Robo interaction in
angiogenesis.7,21,22,34,39

The authors of early studies22,34 observed that Robo4 is
selectively expressed in developing vasculature during mouse
development and at the sites of active angiogenesis, including
tumor vessels, suggesting that Robo4 may actively regulate
angiogenesis. This finding was confirmed by showing that Robo4
knockdown zebrafish displayed disrupted intersomitic vessel sprout-
ing35 and by the evidence that soluble Robo4 blocks angiogenesis
in vitro and in vivo20 and Robo4 signaling is attractive in EC

migration.41 However, ablation of Robo4 in mice did not result in
an obvious developmental angiogenesis defect; instead, it revealed
a function in stabilizing pathologic angiogenesis,39 showing that
the role of Robo4 varies in different model systems and in different
angiogenic processes. In our studies, we found that Slit3 functions
as a natural ligand for Robo4 and interacts with Robo4 to promote
EC proliferation, migration, tube formation, and microvessel
sprouting (Figures 2-7), demonstrating a proangiogenic function
for Robo4 in mammals.

Taken together, our in vitro and in vivo findings demonstrate
that the repulsive axon guidance molecule Slit3 is a novel and
bona-fide proangiogenic factor, providing novel supportive evi-
dence that axon guidance molecules critically regulate angiogen-
esis. Furthermore, our study also revealed that Slit3 is the
functional ligand of Robo4 and that Slit3 interacts with Robo4 to
induce angiogenesis. Although our studies have observed the
potent role of Slit3 in angiogenesis, further investigations are
clearly needed to define whether and how this interaction affects
developmental, therapeutic, and pathologic angiogenesis and to
explore the potential for treating angiogenesis-related human
diseases by manipulating the Slit3–Robo4 interactions.
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