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Wnts are lipid-modified secreted glycoproteins that regulate diverse biological processes. We report that Wnt5a, which
functions in noncanonical Wnt signaling, has activity on endothelial cells. Wnt5a is endogenously expressed in human primary
endothelial cells and is expressed in murine vasculature at several sites in mouse embryos and tissues. Expression of exogenous
Wnt5a in human endothelial cells promoted angiogenesis. Wnt5a induced noncanonical Wnt signaling in endothelial cells, as
measured by Dishevelled and ERK1/2 phosphorylation, and inhibition of canonical Wnt signaling, a known property of
Wnt5a. Wnt5a induced endothelial cell proliferation and enhanced cell survival under serum-deprived conditions. The
Wnt5a-mediated proliferation was blocked by Frizzled-4 extracellular domain. Wnt5a expression enhanced capillary-like
network formation, whereas reduction of Wnt5a expression decreased network formation. Reduced Wnt5a expression inhib-
ited endothelial cell migration. Screening for Wnt5a-regulated genes in cultured endothelial cells identified several encoding
angiogenic regulators, including matrix metalloproteinase-1, an interstitial collagenase, and Tie-2, a receptor for angiopoietins.
Thus, Wnt5a acts through noncanonical Wnt signaling to promote angiogenesis.

INTRODUCTION

The Wnt family of proteins comprises a group of secreted,
lipid-modified glycoproteins that play crucial roles in the
regulation of developmental patterning, cell proliferation,
differentiation, polarity, and morphogenetic movement
(Logan and Nusse, 2004). Wnts trigger intracellular responses
through various signaling pathways, referred to as canonical
or noncanonical, utilizing the Frizzled family of receptors
(Veeman et al., 2003). Although canonical Wnts signal by
blocking degradation of cytosolic �-catenin and hence acti-
vating �-catenin/TCF transcriptional responses, noncanoni-
cal Wnts are thought to activate the Wnt/Ca2�, Wnt/planar
cell polarity (PCP) or other less well-defined pathways. How-
ever, a consistent response to noncanonical Wnt signals is
the phosphorylation of Dishevelled (Dvl) proteins (Gonzalez-
Sancho et al., 2004). Wnt5a has been shown to function in
noncanonical Wnt signaling in several systems. For example,
expression of Wnt5a in zebra fish or Xenopus embryos can
stimulate intracellular Ca2� fluxes (Slusarski et al., 1997),
and Wnt5a regulates morphogenetic movements during
gastrulation independently of canonical signaling (Kilian et
al., 2003). Consistent with noncanonical signaling, ectopic

overexpression of Wnt5a in human primary endothelial cells
did not stabilize cytosolic �-catenin or activate �-catenin/
TCF-mediated transcription (Wright et al., 1999; Masckauchan
et al., 2005).

Wnt5a is essential for proper skeletal development as
nullizygous mice exhibit perinatal lethality and appendicu-
lar structures outgrowing from the primary body-axis fail to
extend (Yamaguchi et al., 1999). This defect in morphogen-
esis is associated with decreased cell proliferation in tissues
crucial to outgrowing structures. In addition, Wnt5a may
also participate in hematopoietic stem cell fate decisions
(Murdoch et al., 2003). Wnt5a can also negatively influence
proliferation, for instance in B cells (Liang et al., 2003). In-
creased expression of Wnt5a has been reported in malignant
melanoma, primary human breast cancer, and colon cancer,
as well as cancer from other tissues, suggesting a patholog-
ical effect on tumorigenesis that may be either positive or
negative (Iozzo et al., 1995; Lejeune et al., 1995; Jonsson et al.,
2002; Weeraratna et al., 2002; Dejmek et al., 2005).

The signaling cascades that are activated by Wnt5a to
regulate proliferation are not well defined. Wnt5a can inter-
act with Wnt receptors Frizzled-2 (Slusarski et al., 1997),
Frizzled-4 (Chen et al., 2003), Frizzled-5 (Sen et al., 2001), and
Frizzled-7 (Umbhauer et al., 2000). In different systems, Wnt5a
has been shown to activate protein kinase C (Weeraratna et
al., 2002), C-Jun N-terminal kinase (Yamanaka et al., 2002)
and induce phosphorylation of Dishevelled (Gonzalez-
Sancho et al., 2004; Schulte et al., 2005). Signal activation by
Wnt5a can also negatively influence the Wnt/�-catenin
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pathway by several different mechanisms (Saneyoshi et al.,
2002; Ishitani et al., 2003; Topol et al., 2003).

Expression of Wnt5a has been reported in human endo-
thelial cells (Wright et al., 1999; Masckauchan et al., 2005), yet
its function in endothelium has remained largely unknown.
Wnt signaling has been linked to a human vascular disorder
by the finding that Frizzled-4, which might be involved in
signaling via both canonical and noncanonical pathways, is
critical for proper retinal vascular development (Robitaille et
al., 2002; Xu et al., 2004). Whether one or both of these two
pathways is critical for retinal angiogenesis is still not clear.
Because Wnt5a is a known inducer of noncanonical signal-
ing, we ectopically expressed Wnt5a in endothelial cells in
order to ask whether noncanonical signaling promotes an-
giogenesis. To address this question, we utilized a variety of
in vitro assays to assess the activity of Wnt5a on prolifera-
tion, survival, and morphogenesis of endothelial cells and
searched for regulation of angiogenic genes via Wnt5a.

MATERIALS AND METHODS

Cells and Reagents
Human umbilical venous endothelial cells (HUVEC) were isolated from
human umbilical vein as previously described (Jaffe et al., 1973) and grown in
EGM2 (BioWhittaker, Walkersville, MD) with VEGF, bFGF, EGF, IGF-1, and
2% FBS on dishes coated with type I rat tail collagen (Upstate Biotechnology,
Lake Placid, NY). Human microvascular endothelial cells (HMVEC) from
human neonatal forskin and their media were obtained from BioWhittaker.
Adenoviruses encoding for Wnts or mutant �-catenin were prepared as
described (Young et al., 2003). Purified Wnt5a protein was obtained from R&D
Systems (Minneapolis, MN). Antibodies were used to recognize human
�-catenin (BD Transduction Laboratories, Lexington, KY), Dishevelled2 or
Dishevelled3 (Santa Cruz Biotechnology, Santa Cruz, CA), matrix metallo-
proteinase-1 (MMP-1) and Tie2 (R&D Systems), total and phospho-p44/p42
(ERK1/2; Cell Signaling Technology, Beverly, MA) or �-tubulin antibody
(Sigma-Aldrich Life Sciences, St. Louis, MO). SuperTopFlash and SuperFop-
Flash Tcf-luciferase reporter constructs were generously provided by Dr.
Randall Moon (University of Washington School of Medicine, Seattle, WA).

RT-PCR Analysis
Low passage human primary endothelial cells were cultured in EGM-2 Bul-
letKit (BioWhittaker). Total RNA was isolated using RNeasy Protect kit
(Qiagen, Hilden, Germany), and reverse transcription reaction was performed
using Omniscript Reverse Transcriptase as described by manufacturer’s in-
structions (Qiagen) and PCR was done using Platinum Taq DNA Polymerase
(Invitrogen, Carlsbad, CA). Conditions for Wnt5a and Wnt-5b PCR were 94°C
for 3 min followed by 35 cycles of 94°C for 1 min, 58°C for 1 min, and 72°C
for 1 min, plus 2 min at 72°C. Primers used were 5�GTGCAATGTCTTC-
CAAGTTCTTC 3� forward and 5� GGCACAGTTTCTTCTGTCCTTG 3� re-
verse for Wnt5a, and 5� GACGCCAACTCCTGGTGGC 3� forward and
5�GCATGACTCTCCCAAAGACAGATG 3� reverse for Wnt-5b, and product
sizes were 195 and 258 base pairs, respectively. PCR for MMP-1 was per-
formed using an MMP-1 primer pair (R&D Systems), following manufacturer’s
instructions. Primers for Tie2 were as described (Hewett et al., 1998). To
correct for sample variations in RT-PCR efficiency, �-actin expression was
used to normalize the samples using the following primers: 5� CGAGGC-
CCAGAGCAAGAGAG 3�, upper primer; 5� CTCGTAGATGGGCACAGT-
GTG 3�, lower primer with a product size of 336 base pairs. Conditions for
�-actin PCR were 94°C for 2 min followed by 20 cycles of 94°C for 45 s, 60°C
for 1 min, and 72°C for 1 min for 20 cycles, plus 5 min at 72°C.

Immunohistochemistry Staining and In Situ Hybridization
In situ hybridization was performed as described (Schaeren-Wiemers and
Gerfin-Moser, 1993) using the Dig labeling method for preparation of in situ
probes, provided by the manufacturer (Roche Applied Science, Indianapolis,
IN). Probes used were mouse Wnt5a (entire coding region) and mouse
Wnt-5b (3�UTR). Plasmids were digested with XhoI, and in vitro transcription
was performed with SP6 polymerase. The detection of hybridized mRNA in
sections was performed using the NBT/BCIP developing system (Roche
Applied Science). Immunohistochemistry staining was performed as de-
scribed (Vorontchikhina et al., 2005) using antibodies recognizing PECAM at
1:500 dilution (PharMingen, San Diego, CA), Wnt5a at 1:100 dilution (R&D
Systems) or Frizzled-4 at 1:100 (R&D Systems).

Reporter Assays
Cells were seeded on collagen-coated 24-well plates (33,000 cells per well).
The next day, cells were transfected with either Tcf/Lef transcriptional acti-

vation reporter construct SuperTopFlash containing Tcf responsive elements
or SuperFopFlash with mutated elements (control) and a renilla-luciferase
construct. Transfections were performed in triplicates using 0.18 �g of re-
porter plasmid, 0.02 �g of renilla-luciferase plasmid and 0.45 �g of inducer
plasmid in total with 1.3 �l of Lipofectine in OptiMEM media (Invitrogen) per
well, following manufacturer’s instructions for procedure. Cells were incu-
bated at 37°C for 5 h with transfection cocktail and then were incubated
overnight with fresh full endothelial culture media. Cell lysates were pre-
pared the next day and both firefly and renilla luciferase activities were
evaluated using Dual-Luciferase Reporter Assay System (Promega, Madison,
WI). Samples were read in a luminometer and values were normalized for
transfection efficiency using renilla-luciferase activity. The ratio SuperTop
(sTop)/SuperFop (sFop) was calculated and charted to evaluate induction.

Gene Transfer into HUVEC
To infect cells, 4 � 105 passage 3–5 cells were trypsinized and resuspended in
300 �l full culture medium. Adenovirus stock was added at 30 MOI, unless
indicated otherwise, for each experiment, and cells were incubated at 37°C for
1 h with gentle shaking every 10 min. Then, cells were seeded onto type I
collagen-coated plates and harvested 24–48 h later, depending on the assay.
For retroviral gene transfer, the retroviral vector pHyTCX was used. GP293
packaging cells, 5.0 � 106 (Clontech, Palo Alto, CA), were seeded and trans-
fected with 10 �g pHyTC-genes and pVSVG, and retroviral-containing su-
pernatants were collected 48 h later. Retroviruses were added to passage 3
HUVEC, and 48 h later cells were selected for 5 d with hygromycin B at 300
�g/ml and then maintained with hygromycin B at 100 �g/ml. An expression
vector encoding the HA-tag (pHyTC-HA) was used as a negative control.

Proliferation and Survival Assays In Vitro
Low-passage primary HUVEC were split and suspended in full endothelial
culture media. Cells were infected with Wnt-adenoviruses, as described
above, using adenovirus encoding for the LacZ gene as a negative control.
Next, cells were seeded at 10,000 cells/well on 24-well plates that were
previously collagen-coated containing full endothelial culture media. Cells
were allowed to seed overnight, and the medium was then replaced with
basal endothelial cell medium EBM-2 supplemented with bFGF. Cell numbers
at 48 h after incubation with basal medium were assessed with the Cell
Counting Kit-8 assay (Dojindo Molecular Technologies, Gaithersburg, MD).
Frizzled-4-CRD competition experiments were performed using purified pro-
tein (R&D Systems) at 1 �g/ml. Survival assays were performed in a similar
manner to that of proliferation assays, except cells were seeded at 100,000 cells
per well in 48-well plates. All assays were performed in quadruplicate.

Wnt5a Gene Silencing
A series of six different target sequences in the human Wnt5a gene were chosen
for screening of adequate silencing of this gene. Synthesized oligos were de-
signed using these sequences and were cloned into pSIREN retroviral vector (BD
Biosciences, San Jose, CA). Obtained plasmids were used to screen for successful
silencing by transfecting 293 cells in culture. Levels of Wnt5a expression were
evaluated after reverse transcription of the RNA samples, followed by PCR using
primers for Wnt5a in conditions described above. The target sense sequence
selected was 5� AGTGCAATGTCTTCCAAGT 3�. Preparation of HUVEC retro-
viral lines was performed as described above, and successful silencing of the
Wnt5a gene was confirmed by semiquantitative PCR.

Endothelial Network Formation and Migration Assay
Retrovirally selected HUVEC expressing Wnt5a-HA or control gene (HA tag)
were analyzed by Western blot to confirm the overexpression of the desired
protein. Matrigels were prepared using 24-well plates with 0.3 ml pure Growth
Factor-reduced Matrigel (BD Biosciences) per well and incubating plates at 37°C
for 1 h. Retrovirally selected HUVEC were seeded at 100,000 cells per well on top
of Matrigel in the presence of 0.8 ml of full EC culture medium. Pictures were
taken with 4� magnification after 18–19 h of incubation at 37°C. All experiments
were performed in duplicates and repeated twice to confirm results. For endo-
thelial migration experiments, cells were seeded at confluence and 1 d later a
wound was made to the confluent cell monolayer, and migration of cells into the
wounded area was documented 10 h later.

DNA Microarray Analysis
DNA array analysis was performed with cDNA obtained from HUVEC adeno-
infected to express Wnt5a, Wnt-1, or LacZ gene (control) at 48 h after infection.
Hu95Av2 GeneChips were purchased from Affymetrix (Santa Clara, CA). Mi-
croarray and probes were prepared and used as described before (Li et al., 2002),
with three different samples per overexpressed gene. To analyze the GeneChip
data from the Wnt5a, Wnt1, and LacZ control cells, we used the GeneSpring
software package (Agilent Technologies, Wilmington, DE), first filtering to obtain
all genes (Affymetrix probe sets) with Affymetrix presence calls in at least three
experimental samples, then further filtering to obtain all genes with expression at
least 1.5-fold greater than the experiment mean in at least two samples, and lastly
carrying out ANOVA with a p value cutoff of 0.01 to find all genes that differed
in their mRNA expression as a function of experimental condition (Wnt5a vs.
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Wnt1 vs. LacZ). The resulting group of 297 probe sets was subjected to hierar-
chical clustering using the GeneTree function of GeneSpring. This procedure
grouped the genes into three clades: 1) high in LacZ but low in Wnt1 and Wnt5a;
2) high in Wnt5a but low or intermediate in LacZ and Wnt1; and 3) high in Wnt1
and low in LacZ and Wnt5a.

Activity Assay for MMP-1
Activity levels of secreted MMP-1 from conditioned media of HUVEC were
evaluated using a Biotrak Activity Assay (Amersham Biosciences, Piscat-
away, NJ). Samples consisted of collected cell culture media of adeno-infected
endothelial cells diluted 1:10 in 1� calibrator diluent. All samples were run in
triplicates and compared with a standard curve performed according to the
manufacturer’s instructions.

Immunoblotting and Cell Surface Biotinylation
Wnt5a protein expression in HUVEC was evaluated by immunoblotting using
antibodies to the HA epitope. Cells were lysed in TENT buffer (20 mM Tris-HCl,
pH 8.0, 2 mM EDTA, 150 mM NaCl, 1% Triton X-100, added with 1 tablet of
Complete Mini protease inhibitors [Roche Diagnostics, Mannheim, Germany]
per 50 ml of buffer), as described (Shimizu et al., 1997). For Dishevelled immu-
noblots, lysates were prepared using cold RIPA buffer (1% Igepal CA-630, 1%
sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 10 mM Na2HPO4) pH 7.2, 50
mM NaF, and 2 mM EDTA added freshly with protease and phosphatase
inhibitors 100 �g/ml PMSF, 1 mM sodium vanadate, 2 �M dithiothreitol, 10
�g/ml aprotinin, and 2 �g/ml leupeptin). Lysates were cleared by centrifugation
and frozen immediately after preparation. For ERK1/2, cells were washed with
cold PBS buffer and lysed using 1� SDS-PAGE sample buffer. Lysates were
obtained by scraping cells from the plate, transferring to a microcentrifuge tube,
and sonicating four times for 20 s to shear DNA and reduce viscosity. All lysates
were heated at 100°C for 3 min and cooled on ice. Samples were fractionated
using SDS-PAGE, transferred to nitrocellulose membrane, and incubated with
antibodies. Proteins were visualized by Enhanced Chemiluminescence (Amer-
sham Pharmacia Biotech) in conjunction with a horseradish peroxide (HRP)-

tagged secondary antibody. To detect Tie2 receptor by Western blot, cell surface
biotinylation followed by Western immunoblot was performed. Forty-eight
hours after infection, adenovirus-infected HMVEC overexpressing Wnt5a,
�-cateninS37A, or LacZ (control) grown in plates were washed three times with
PBS and incubated with 0.5 mg/ml EZ-Link Sulfo-NHS-Biotin reagent (Pierce,
Rockford, IL) in PBS for 30 min at 4°C. Cells were then incubated with cold
DMEM for 10 min at 4°C and rinsed with PBS to wash off excess biotin. Cells
were then lysed in TENT buffer as described above. Protein levels in lysates
were evaluated by Bradford assay, and equal amounts of protein were
adjusted to same volumes with TENT buffer. Lysates were then incubated
overnight with 50 �L of streptavidin-conjugated beads (Pierce). Strepta-
vidin beads were washed three times with TENT buffer, and proteins were
eluted in boiling sample buffer. All Western blots were performed by
separation on SDS-PAGE gels and transferring to PVDF membrane (Mil-
lipore, Bedford, MA). Membranes were probed with the corresponding
primary antisera in presence of 2% BSA. Protein bands were visualized by
enhanced chemiluminescence (Amersham Pharmacia Biotech) in conjunc-
tion with goat anti-mouse IgG-HRP.

RESULTS

Wnt5a Is Expressed in Isolated Human Endothelial Cells
and Murine Vasculature
Endogenous expression of Wnt ligands in human and
mouse endothelial cells has been previously analyzed
(Wright et al., 1999; Cheng et al., 2003), yet their role in
angiogenesis is still unclear. Wnt5a transcripts were de-
tected in human primary endothelial cells from both large
vessels (HUVEC) and microvasculature (HMVEC), as eval-
uated by RT-PCR (Figure 1A). In contrast, Wnt-5b tran-

Figure 1. Wnt5a and Frizzled-4 expression in
vascular cells. (A) Wnt5a and Wnt-5b RT-PCR
products from human primary endothelial
cells, HUVEC and HMVEC, normalized to
�-actin transcript levels. (B) In situ hybridiza-
tion in mouse embryonic tissue at E13.5 for
PECAM and Wnt5a. nt, neural tube; li, liver;
st, stomach; vb, vertebral body; g, gonad; s,
skin. (C) Immunohistochemistry with PECAM
(left) and in situ hybridization with Wnt5a
mRNA probe (right) in mouse embryonic tis-
sues at E13.5. Brown color represents PECAM
protein (left panels), and the nuclei are coun-
terstained in blue. Wnt5a signal is seen in blue
color on the in situ (right) panels. Both immu-
nohistochemistry and in situ hybridizations
were performed using adjacent serial sections.
(D) Adult mouse ovaries were immunostained
for either PECAM or Frizzled-4 to compare
expression. Top, insets indicate the area
shown at higher magnification in the bottom
panels; bottom, arrows indicate blood vessels.
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scripts were only observed in HMVEC (Figure 1A). In situ
hybridization analysis for Wnt5a expression in mouse em-
bryos was compared with the expression of the endothelial
marker PECAM and revealed that Wnt5a is expressed either
in the endothelium or in the vicinity of the endothelium,
although not in all vascular structures (Figure 1B). Specifi-
cally, Wnt5a transcripts were found in developing skin, gonad,
vertebral body, stomach, liver, and other organs. In the mouse
ovary, a highly vascularized organ, immunohistochemical
analysis of Wnt5a and PECAM confirmed that Wnt5a is ex-
pressed in ovarian vasculature surrounding follicles (Figure
1C). Frizzled-4, a candidate receptor for Wnt5a, was also ex-
pressed in ovary at several sites but notably in ovarian vascu-
lature surrounding follicles (Figure 1D) and on major vessels
(Figure 1D, bottom panel). We have also seen Frizzled-4 ex-
pression in murine retinal vasculature (Masckauchan and
Kitajewski, 2006).

Wnt5a Induces Dishevelled Phosphorylation and ERK
Phosphorylation and Inhibits Canonical Wnt Signaling in
Human Endothelial Cells
Wnt5a signaling is known to induce phosphorylation of
Dishevelled in several cell types, and this can be monitored
by a mobility shift of Dvl proteins on Western blots (Gonzalez-
Sancho et al., 2004; Schulte et al., 2005). This effect is inde-
pendent of the canonical Wnt signaling coreceptors LRP5
and LRP6 and is thus a manifestation of noncanonical Wnt
signaling (Gonzalez-Sancho et al., 2004). Analysis of endo-
thelial cells treated with purified Wnt5a protein led to de-
monstrably increased phosphorylation of Dvl2 and Dvl3
(Figure 2A). To further analyze signaling downstream of
Wnt5a in human endothelial cells, we developed a HA-
tagged Wnt5a-expressing adenovirus vector (Ad-Wnt5a)
that allows Wnt5a production in cultured primary endothe-
lial cells (Figure 2B). Ectopically expressing Wnt5a also
caused an increase in Dishevelled phosphorylation (not
shown). Expression of Wnt5a via adenovirus also led to
induction of ERK1/2 phosphorylation without affecting lev-
els of total ERK1/2, as evaluated by Western blot (Figure
2C). Thus, Wnt5a induces Dvl phosphorylation and acti-
vates ERK1/2 in primary endothelial cells.

Wnt5a noncanonical signaling has been shown to antag-
onize the canonical �-catenin/TCF pathway (Topol et al.,
2003). We asked whether this was also the case for human
endothelial cells. HUVEC were cotransfected with plasmids
encoding either Wnt5a, �-cateninS37A (a stabilized form of
�-catenin), or LacZ genes and TCF/Lef reporter constructs.
Included in the transfections was a renilla-luciferase plasmid
to normalize readings for transfection efficiency. Twenty-
four hours after transfection, luciferase activity showed that
increasing amounts of Wnt5a antagonized �-cateninS37A–
mediated activation of the TCF/Lef reporter in human en-
dothelial cells, in a dose-responsive manner (Figure 2D).
Thus, Wnt5a signals via noncanonical pathways in HUVEC,
as measured by suppression of canonical Wnt signaling.

Wnt5a Induces Endothelial Cell Proliferation and
Promotes Cell Survival
To investigate mitogenic effects of Wnt5a on endothelial
cells, cultured HUVEC were infected with Ad-Wnt5a and
incubated for 48 h in the presence of serum-free medium
supplemented with bFGF. Expression of Wnt5a led to a
dose-dependent increase in HUVEC proliferation, when
compared with Ad-LacZ control infected cells (Figure 3A).
This proliferative response was also observed when cultured
HUVEC were incubated with purified Wnt5a protein in a
dose-dependent manner, up to 100 ng/ml (Figure 3B). The

proliferative responses of endothelial cells to Wnt5a signal
activation depended on the absence of VEGF or serum, as
the effect was barely observed when cells were cultured in
complete endothelial medium, instead of minimal medium
containing bFGF.

As Wnt5a has been shown to participate in Frizzled-4 endo-
cytosis (Chen et al., 2003), and we previously reported that
Frizzled-4 is expressed in HUVEC (Masckauchan et al., 2005),
we used the Frizzled-4 extracellular cysteine-rich domain (Friz-
zled-4-CRD) as a competitive inhibitor of Wnt5a. We found
that addition of purified Frizzled-4CRD reduced the prolifera-
tive stimulation provided by Ad-Wnt5a infection of HUVEC
(Figure 3C). Thus, Wnt5a stimulates proliferation of endothe-
lial cells, and this can be blocked with a Frizzled-4 antagonist.

Figure 2. Wnt5a induces Dishevelled and ERK1/2 phosphoryla-
tion and antagonizes canonical Wnt signaling in human endothelial
cells. (A) Mobility shift assay for Dishevelled phosphorylation.
HUVEC were treated with purified Wnt5a protein (75 ng/ml) for
2 h, after which lysates were prepared. Western blot to detect
Dishevelled2 or Dishevelled3 was carried out using GSK3� as load-
ing control. Rat2 cells overexpressing Wnt5a or not were used as a
positive and negative controls, respectively. (B) Western blot assay
showing ectopic expression of adenovirus-infected HUVEC overex-
pressing control LacZ gene versus Wnt5a-HA. (C) Western blot
assay for total ERK1/2 and phosphorylated ERK1/2. HUVEC were
adenovirus-infected to overexpress Wnt5a or control (LacZ) gene,
and lysates were prepared 48 h after infection. (D) Wnt-5a antago-
nizes canonical signaling in endothelial cells. Tcf-responsive con-
structs SuperTop- or control SuperFop-luciferase were cotransfected
into HUVEC, together with constant amounts (0.34 �g/well) of wild
type �-catenin plasmid in presence of increasing amounts of Wnt5a
plasmid (represented in fold excess). Empty vector plasmid was
used to equalize total amount of plasmid used.
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In complimentary experiments, shRNA directed against en-
dogenous Wnt5a in HUVEC showed that reduced Wnt5a ex-
pression (Figure 3D) leads to reduced endothelial cell prolifer-
ation (Figure 3E). In the experiment shown, proliferation was
reduced by 38.7% in shWnt5a cells compared with controls
(p � 0.001) when measured using a WST8 cell counting assay;
a similar reduction in proliferation is seen when determined
using direct cell counting.

Wnt5a also promoted endothelial cell survival as Ad-
Wnt5a infection of HUVEC enhanced survival of endothelial
cells grown in the absence of survival factors (serum-free
media), when compared with control Ad-LacZ infected cells
(Figure 3F). The effect of Wnt5a expression in HUVEC is less
effective than that of adding a known endothelial mitogen,
vascular endothelial growth factor (VEGF).

Wnt5a Promotes Endothelial Network Formation and
Endothelial Cell Migration
The ability of endothelial cells to form a network of capil-
laries after they migrate from a pre-existing blood vessel is a
crucial property in both normal and tumor angiogenesis. We

further analyzed the ability of HUVEC cultured on top of
extracellular matrix components to form a network-like
structure when they were either overexpressing Wnt5a or
when endogenous expression of this gene was decreased by
shRNA. HUVEC were programmed to overexpress HA-
tagged Wnt5a via retroviral vectors (Wnt5a-HA-HUVEC)
and used in a matrigel assay for cord formation. After 18 h
of growth on matrigel, Wnt5a-HA HUVEC formed more
extensive networks of cords than control, HA-expressing
HUVEC (Figure 4A, top panel). The most visible change
noticed was a decrease in incomplete cords, defined as cords
that are not attached to two separate cords. Fewer incom-
plete cords are clearly visible in Wnt5a-HA expressing
HUVEC than HA-control and quantification of this change
revealed a decrease of 58.3% (SD of 11.7%) of incomplete
cords in Wnt5a-HA versus control. Consistent with this
observation, we observed reduced networks of endothelial
cells when we performed the same experiment using retro-
virally infected cells with shRNA-mediated reduction of
Wnt5a, as compared with control (Figure 4A, bottom panel).
In this case, there was an increase of 67.5% (SD of 10.6%) of

Figure 3. Wnt5a induces endothelial cell
proliferation and survival. (A) Proliferation
assay using adenoviral infected HUVEC to
overexpress Wnt5a-HA or negative control
gene LacZ at different infection doses. Prolif-
eration was evaluated after 48 h of incubation
in basal endothelial media containing bFGF.
Bottom, ectopic expression of Wnt5a-HA in
lysates from infected cells, as evaluated by
Western blot using an anti-HA antibody. (B)
Proliferation of HUVEC in presence of in-
creasing concentrations of purified Wnt5a
protein. (C) Inhibition of Wnt5a-induced en-
dothelial cell proliferation. HUVEC were in-
cubated in presence (f) or absence (�) of
purified Frizzled-4-CRD protein and assayed
for proliferation after 48 h of culture. (D) RT-
PCR analysis of total cDNA from retroviral
selected HUVEC expressing shRNA control or
shRNA targeting Wnt5a (shWnt5a) to block
gene expression. �-actin expression was used
to normalize samples. (E) Retroviral line of
HUVEC expressing shRNA to silence the
Wnt5a gene showed delayed cell growth
when compared with control cells after 3 d of
culture. (F) Endothelial cells overexpressing
Wnt5a showed enhanced survival when com-
pared with LacZ control cells. Values are ex-
pressed as percentage of positive control in-
fection (VEGF). Cell number was evaluated
after 48 h of incubation.
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incomplete cords in shWnt5a expressing HUVEC versus
shControl HUVEC, indicating that loss of Wnt5a expression
leads to incomplete cord formation in the matrigel assay.

Reduction of Wnt5a expression via shRNA also caused
reduced migration of endothelial cells into wounded areas
of HUVEC monolayers, as monitored 10 h after wounding
(Figure 4B). Ten hours after HUVEC monolayers were
wounded, only 33 � 4.5% of the wounded area was filled in
with migrating endothelial cells in shWnt5a-HUVEC,
whereas 54 � 5% of the wounded area was filled in by
sh-Control HUVEC. However, we did not observe enhanced
cell motility when Wnt5a was ectopically overexpressed.
Experiments were repeated three times to confirm results.

Noncanonical Wnt Signaling Induces MMP-1 and Tie-2
Expression in Endothelial Cells
To better understand the potential mechanisms by which
Wnt5a signaling promoted endothelial cell proliferation,
survival, and network formation, we screened for genes
differentially regulated by Wnt5a in endothelial cells.

HUVEC were infected with either Ad-Wnt5a or Ad-LacZ
and ectopic expression of Wnt5a was confirmed by Western
blot. The expression profile of cells overexpressing Wnt5a
was compared with Wnt1 and Lacz (control) overexpressing
cells by conducting DNA microarray analysis as described
(Figure 5). For the current study, we were most interested in
the largest clade, in which genes were highly expressed in
Wnt5a but low or intermediate in LacZ and Wnt1. The
identities and fold regulation of some of these genes, which
are predicted to be direct or indirect downstream targets
activated by Wnt5a are listed on Table 1. Two differentially
expressed genes, encoding the angiogenic regulators MMP-1
and Tie-2 (or TEK), were selected for further analysis in

Figure 4. Wnt5a participates in capillary-like networks of endo-
thelial cells and endothelial cell migration. (A) Retroviral-infected
HUVEC either overexpressing Wnt5a-HA, compared with control
(HA), showed enhanced formation of networks (top pictures).
HUVEC overexpressing shRNA to target Wnt5a gene expression
showed reduced ability to form networks when compared with
control shRNA cells. (B) Retroviral infected HUVEC overexpressing
shRNA targeting Wnt5a gene expression showed reduced ability to
migrate, measured 10 h after a wound was made on a confluent
plate, when compared with control cells. A representative experi-
ment is shown. Black bars indicate cell front.

Figure 5. DNA array analysis of HUVEC ectopically overexpress-
ing LacZ (control), Wnt-1 or Wnt5a, after adenoviral infection. Data
analysis produced a set of 297 probe sets, which were subjected to
hierarchical clustering. Of these, 239 probe sets were in the well-
defined clade (vertical line) with the highest expression in Wnt5a
expressing cells, the lowest expression in Wnt-1 cells, and the inter-
mediate expression in LacZ. Colors represent a range of gene ex-
pression: low (green), intermediate (yellow), and high (red) relative
to the experiment mean.

Table 1. DNA microarray analysis of gene expression in endothe-
lial cells ectopically overexpressing Wnt-5a

Symbol Annotations Fold

MMP1 Matrix metalloproteinase 1 (interstitial
collagenase)

245.0

APOE Apolipoprotein E 22.4
ELN Elastin (supravalvular aortic stenosis,

Williams-Beuren syndrome)
13.0

CDC25B Cell division cycle 25B 5.7
PLCG2 Phospholipase C, gamma 2

(phosphatidylinositol-specific)
5.2

RBP1 Retinol-binding protein 1, cellular 2.9
ARHGAP4 Rho GTPase activating protein 4 2.7
TEK TEK tyrosine kinase, endothelial (venous

malformations, multiple cutaneous
and mucosal)

2.3

PEPD Peptidase D 2.1
NOS3 Nitric oxide synthase 3 (endothelial cell) 2.1

Shown are select genes with the highest fold change in expression in
Wnt5a expressing cells, lowest expression in Wnt-1 cells, and inter-
mediate expression in LacZ. Genes are listed according to their fold
change compared with LacZ control infection.
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order to confirm they were regulated by overexpression of
Wnt5a in primary endothelial cells.

MMP-1, an interstitial collagenase overexpressed in many
tumors (Giambernardi et al., 1998), was identified as a
candidate Wnt5a target gene. Semiquantitative RT-PCR
analysis, Western blot, and an ELISA-based assay (Figures
6, A, B, and C, respectively) showed that MMP-1 was
up-regulated in endothelial cells overexpressing Wnt5a
compared with control cells, but not in cells in which
canonical Wnt signaling was activated by stabilized mu-

tant �-catenin. As evaluated by Western blot, Wnt5a in-
creased MMP-1 expression 1.7- and 2.7-fold when compared
with LacZ and �-cateninS37A, respectively (Figure 6B). An
ELISA-based assay showed a 2.0- and 1.8-fold increase of
total MMP-1 in culture medium, when compared with LacZ
and �-cateninS37A, respectively (Figure 6C). We noted that
MMP1 was induced to a much higher degree in the initial
microarray analysis than after validation by PCR or Western
blot analysis. Although microarray analysis is not generally
considered an adequate means of quantification of fold effect

Figure 7. Wnt5a induces expression of Tie-2 in HMVEC.
Ectopic expression of control LacZ, �-cateninS37A, or
Wnt5a gene was performed by adenoviral infections. (A)
Tie-2 expression analysis by RT-PCR. �-actin was used to
normalize samples. (B) Western blot analysis using an
anti-Tie-2 antibody on plasma membrane proteins puri-
fied after surface biotinylation of cells and band densitom-
etry. �-tubulin Western blot was performed from cell ly-
sates to normalize protein content.

Figure 6. Wnt5a can induce MMP-1 expression
in endothelial cells. Adenoviral infected HMVEC
to overexpress control LacZ, �-cateninS37A, or
Wnt5a gene were used. (A) MMP-1 transcript
levels analyzed by semiquantitative RT-PCR.
�-actin expression was used to normalize sam-
ples. (B) Western blot analysis of secreted MMP-1
and band densitometry. Culture medium was
collected 48 h after infection of HMVEC. �-tubu-
lin Western blot was used to normalize protein
load. (C) MMP-1 activity assay to quantify total
secreted enzyme in culture medium from endo-
thelial cells.
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of a given factors affect on gene expression, the difference
may also reflect the use of different batches of isolated
primary HUVEC that were used for microarray versus val-
idation experiments.

Tie-2, a receptor of angiopoietin 1 and 2 and a key regulator
of angiogenesis, was shown to be moderately up-regulated in
these cells, as confirmed by RT-PCR and Western blot analysis
(Figure 7, A and B, respectively). As evaluated by Western blot,
Wnt5a increased Tie-2 expression by 5.9-fold and 4.5-fold
when compared with LacZ and �-cateninS37A, respectively
(Figure 7B). Although endogenous levels for Tie-2 were
detected by PCR, Tie-2 protein was only apparent after
longer exposures of Western blots in control-infected cells,
thus the PCR analysis appeared to be more sensitive for
detecting endogenous Tie-2. Thus, Wnt5a signaling leads
endothelial cells to increased production of known angio-
genic regulators and this may aid in the proangiogenic
activities of Wnt5a.

DISCUSSION

Angiogenesis is driven by VEGF but the process likely oc-
curs in concert with other angiogenic factors. Defining those
factors has provided greater insight into how several angio-
genic cascades coordinate the building of new vessels. In
that context, we here report a novel angiogenic signaling
factor, Wnt5a. We demonstrate that Wnt5a promotes some,
but not all, of the steps of angiogenesis. Both members of the
Wnt5 class, Wnt5a and Wnt5b, were detected in primary
human endothelial cells. Wnt5a in two types of endothelial
cells, HUVEC and HMVEC, and thus we asked whether
Wnt5a act on endothelial cells.

We first documented that Wnt5a activates noncanonical
signaling in endothelial cells. Noncanonical Wnt signaling
acts via several distinct pathways, including Ca2�, PKC,
JNK, and pathways that antagonize canonical Wnt signal-
ing. Noncanonical Wnt signaling also leads to hyper-phos-
phorylation of the intracellular protein dishevelled (Gonzalez-
Sancho et al., 2004). We found that Wnt5a addition to human
primary endothelial cells induces phosphorylation of Dvl-2
and Dvl-3. Because we previously established that Wnt5a
does not activate Wnt/�-catenin signaling in endothelial
cells (Masckauchan et al., 2005), we conclude that Wnt5a acts
on endothelial cells in a noncanonical manner. We were
unable to detect significant changes in neither NFAT, PKC,
nor JNK signaling in response to Wnt5a expression in endo-
thelial cells. However, Wnt5a promoted ERK1/2 phosphor-
ylation in endothelial cells. Previous studies showed that
Wnt5a promotes ERK1/2 phosphorylation in serum-starved
MC3T3-E1 cells, where Wnt5a was able to protect cells from
apoptosis via ERK signaling (Almeida et al., 2005). Wnt3a, a
canonical signaling Wnt, can also promote ERK1/2 phos-
phorylation, and this signal was proposed to mediate pro-
liferation of NIH3T3 cells (Yun et al., 2005). Concomitant
with this, we previously reported that increased levels of
cytosolic �-catenin in endothelial cells can lead to cell pro-
liferation and survival (Masckauchan et al., 2005). In our
study, we found that Wnt5a expression in endothelial cells
blocks canonical Wnt signaling, a known function of Wnt5a
in other cell types (Topol et al., 2003).

Gene expression analysis in response to Wnt5a showed
regulation of a mostly distinct set of genes than that found
with Wnt-1, a Wnt that stimulates Wnt/�-catenin signaling
in endothelial cells (Masckauchan et al., 2005). This observa-
tion supports the hypothesis of an antagonistic role for
noncanonical Wnt signaling on canonical signaling in endo-
thelial cells. The existence of a common pathway like

ERK1/2 activated by both canonical and noncanonical Wnt
signaling, the antagonistic role of Wnt5a on canonical Wnt
signaling, and the fact that the genes regulated by either of
these pathways differ in endothelial cells point to the notion
that Wnt5a has at least one other mechanism of signal trans-
duction in angiogenesis. Ectopic expression of Wnt5a or
addition of purified Wnt5a protein induced proliferation of
endothelial cells and reducing expression of endogenous
Wnt5a led to reduction of endothelial cell proliferation. Ec-
topic expression of Wnt5a provided survival signals to en-
dothelial cells. Reduced Wnt5a expression mitigated endo-
thelial cell migration and capillary-like network formation.
Several cellular steps in angiogenesis, including endothelial
proliferation, survival, migration, and capillary-like network
formation are promoted by Wnt5a. We thus conclude that
Wnt5a functions as an angiogenic factor.

The Wnt receptors, Frizzled-4, Frizzled-5, and Frizzled-6 are
expressed in human primary endothelial cells (Masckauchan et
al., 2005). Frizzled-4 can directly interact with Wnt5a (Umb-
hauer et al., 2000), and endocytosis of Frizzled-4 is increased
upon addition of Wnt5a protein (Chen et al., 2003). Frizzled-4
is expressed on murine retinal vasculature (Masckauchan
and Kitajewski, 2006), and this expression is required for
proper retinal vascular development (Xu et al., 2004). In
addition, we found that Frizzled-4 is expressed in the vas-
culature that surrounds murine ovaries and in major vessels
in the ovary. Thus, Frizzled-4 is expressed in several vascu-
lar beds. We investigated the hypothesis that Wnt5a can act
through Frizzled-4 to regulate endothelial cell proliferation.
The mitogenic function of Wnt5a on endothelial cells is
blocked by addition of the extracellular cysteine-rich do-
main (CRD) of Frizzled-4 tagged with Fc. Purified Frizzled-
2-CRD and Frizzled-5-CRD, also Fc-tagged, and sFRP1
(soluble Frizzled-related protein 1) failed to block Wnt5a-
induced proliferation of endothelial cells. Mutations in the
Frizzled-4 gene are correlated with angiogenesis-related dis-
orders in humans. Mutations in Frizzled-4 have been linked
to familial exudative vitreoretinopathy (FEVR), a disorder of
the retinal vasculature (Robitaille et al., 2002). Similar dis-
ruption of the vasculature is seen in patients with mutations
in a novel Frizzled ligand, Norrin, and retinal vascular de-
velopment likely depends on Norrin/Frizzled-4 interactions
(Xu et al., 2004). Frizzled-4 can activate the noncanonical
Wnt pathway through a mechanism involving calcium/
calmodulin kinase II (CamKII) and PKC activation (Robi-
taille et al., 2002). We speculate that Frizzled-4 may also
utilize Wnt5a as a ligand to regulate vascular development.
It has been noted that the phenotype due to loss of Friz-
zled-4 is more severe than the phenotype due to loss of
Norrin, supporting the hypothesis that there are other im-
portant ligands in play (Luhmann et al., 2005). Thus, ligands
other than Norrin, such as Wnt5a, may activate Frizzled-4
signaling. Wnt5a mutant mice die perinatally (Yamaguchi et
al., 1999), precluding an analysis of retinal vasculature in the
mutant pups, which develops after birth in mice.

To further understand the role of Wnt5a in angiogenesis,
we screened for genes whose expression is regulated by
Wnt5a in endothelial cells and found induction of two
known angiogenic regulators. MMP-1, a secreted protease
that degrades fibrillar collagens, was induced by Wnt5a.
When endothelial cells are induced to grow, they respond by
secreting proteases, such as matrix metalloproteinases, that
degrade the basement membrane surrounding the vessel
(Giambernardi et al., 1998). In the past, Wnt5a has been
linked to regulation of a different matrix metalloproteinase,
MMP-3, as overexpression of Wnt5a and rat Frizzled-2 in
C57MG mammary epithelial cells is able to up-regulate ex-
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pression of stromelysin-1 (MMP-3) (Prieve and Moon, 2003).
Thus, Wnt5a may regulate expression of several MMPs, with
MMP-1 regulated in endothelial cells.

Wnt5a induced the expression of the endothelial specific
receptor tyrosine kinase, Tie2, that responds to ligands, an-
giopoietins 1 and 2 (Ang-1 and Ang-2). The role of Ang-2 is
thought to be destabilization of vessels and dissociation of
pericytes (Holash et al., 1999), which sets the stage for stim-
ulating the sprouting of new blood vessels by VEGF. Of
note, Ang-2 has been shown to up-regulate MMP-1 expres-
sion in the human gastric cancer cell line MKN-7 (Etoh et al.,
2001). Thus, the regulation of MMP-1 by Wnt5a might be
indirect via the Ang-2/Tie-2 axis.

It is thought that angiogenesis requires coordination of
several angiogenic signaling cascades and that novel factors
will be discovered that participate in this process. The pre-
cise balance of angiogenic factor activity is crucial in mod-
ulating physiological angiogenesis and is likely derailed in
pathological angiogenesis. Here we provide the first evi-
dence of an active angiogenic role for Wnt5a in human
endothelial cells. We also provide new insights on the intra-
cellular signaling mediated by Wnt-5a and identify novel
genes, Tie2 and MMP-1, that are regulated by noncanonical
signaling. To date, few genes have been described as targets
of noncanonical signaling. Finally, we define a new physio-
logical process, angiogenesis, which is dependent on nonca-
nonical Wnt signaling. The identification of Wnt5a as a novel
angiogenic factor suggests investigation of a potential role for
noncanonical Wnt signaling in pathological angiogenesis.
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