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Abstract The roles of growth factors such as angio-
poietin (Ang) and vascular endothelial growth factor
(VEGF) in angiogenesis have been known for some time,
yet we have just an incipient appreciation for the contri-
bution of Wnts to this process. Cellular proliferation and
polarity, apoptosis, branching morphogenesis, inductive
processes, and the maintenance of stem cells in an undif-
ferentiated, proliferative state are all regulated by Wnt
signaling. The development and maintenance of vascular
structures are dependent on all these processes, and their
orchestration has, to some extent, been revealed in studies
of VEGF and Ang receptors. Recent evidence links the
Whnt/Frizzled signaling pathway to proper vascular growth
in mammals but our knowledge of Wnt function in the
vasculature is rudimentary. Further insight into vascular
development and the process of angiogenesis depends on
evaluating the function of novel endothelial regulatory
pathways such as Wnt/Frizzled signaling.
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Cellular proliferation and polarity, apoptosis, branching
morphogenesis, inductive processes, and maintenance of
stem cells in an undifferentiated state are all regulated by
Whnt signaling [1-3]. The development of vascular struc-
tures involves these cellular processes and is dependent in
large part by the action of vascular endothelial growth
factor (VEGF) in concert with a variety of other signaling
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pathways [4-9]. This review will discuss evidence that the
Whnt/Frizzled signaling pathway, in concert with VEGF, is
required for proper vascular growth in mammals.

Whnt signal transduction

Wnhts are a family of 19 secreted glycoproteins that accu-
mulate in the extracellular matrix to activate pathways in
adjacent cells. Wnt ligands trigger these pathways by
binding an appropriate receptor that belongs to a family of
seven-pass transmembrane proteins, the frizzleds, of which
there are 10 members [10]. A co-receptor, LRP5/6 [11-13],
is required to activate some Wnt signaling pathways, and
these can be blocked when LRP5/6 is bound to a secreted
inhibitory protein, Dickkopf-1 [14-16]. Frizzleds are G-
protein-coupled receptors [17, 18] and Wnt binding to
frizzleds can activate more than one distinct branch of the
Wnt signaling cascade. These distinct cascades are often
referred to as the canonical or Wnt/f-catenin pathway and
the non-canonical, which includes Wnt/calcium signaling
and the planar cell polarity (PCP) pathways. These are
described in the ensuing sections and a cartoon represen-
tation of the common component proteins in the different
branches of the Wnt signaling is provided in Fig. 1.

Canonical pathway—Wnt/f-catenin

The accumulation of f-catenin in the cytoplasm of normal
cells is prevented by gene products that promote its
destruction by phosphorylation and ubiquitin-mediated
proteosomal degradation [19, 20]. This is a cellular default
mechanism that is interrupted, normally, by Wnt signaling.
The tumor suppressor, adenomatous polyposis coli (APC),
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Fig. 1 Schematic representation of the branches of the Wnt signaling
cascade. The canonical pathway is represented in the center where f-
catenin occurs in a complex, destined for degradation unless Wnt
(yellow) or Norrin (red) transduces a signal through frizzled and its
co-receptor, LRP, resulting in its transport to the nucleus as a co-
transcription factor of TCF. Non-canonical pathways activate calcium
ion influx and NFAT (on the left) or elements of planar cell polarity
(on the right). LRP, LDL receptor related protein 5/6; G?, unspecified
GTP binding protein; [Ca2+]i, calcium ion influx; GSK-3, glycogen
synthase kinase-3; APC, adenomatous polyposis coli; PKC, protein
kinase C; CamKIl, Ca?*-calmodulin kinase II; NFATc¢ and NFATn,
nuclear factor of activated T cells in cytoplasm (c) and nucleus (n),
respectively; TCF, T cell factor; Rho and Rok, Rho A family of small
GTPases; JNK, c-jun N-terminal kinase

and axin function as a scaffold to bring the Ser/Thr kinase,
glycogen synthase kinase (GSK)-3 into proximity with its
target, f-catenin [21]. Phosphorylation of the pf-catenin
NH,-terminus by GSK-3 is a recognition signal for the E3-
ubiquitin ligase S-TrCP [22]. Canonical Wnt signaling
elevates the level of cytosolic f-catenin, transiently, by
activating and recruiting Disheveled (Dvl) to the mem-
brane [23] thus blocking the phosphorylation of f-catenin
by GSK-3 [24]. Disheveled is juxtaposed to GSK-3 in the
complex via an amino-terminal domain [25]. Wnt-induced
f-catenin accumulation in the cytoplasm promotes its entry
into the nucleus where it binds the co-factor Tcf/LEF-1
[26, 27] to stimulate the transcription of genes that are
implicated in cell growth regulation [28-30].
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Non-canonical pathway—Wn#/Ca’*

This pathway has been identified as a distinct branch of
Whnt signaling [31]. The release of intracellular Ca*t [17]
and the activation of Ca®*-sensitive enzymes such as pro-
tein kinase C [32] and Ca**-calmodulin kinase II (CaMKII)
[33] are features that are characteristic of the Whnt/Ca>*
pathway. It is believed that the non-canonical pathway
turns off the Wnt/f-catenin pathway upstream of TCF/
LEF-1 by activating a kinase cascade that, ultimately,
prevents TCF/LEF-1 binding DNA by NEMO-linked
kinase (NLK). Thus, activated CaMKII phosphorylates
TAKI1 that, in turn, phosphorylates NLK [34, 35].

The Wnt/Ca®* pathway also activates calcineurin, a
Ca**-dependent phosphatase that activates the transcription
factor NFAT [36]. One key NFAT target gene [37] is
DSCRI, which encodes a calcineurin inhibitor. DSCRI is
expressed in developing endocardium and endothelial cells
[38]. DSCRI and NFAT are thought to exist in a feedback
loop where DSCRI inhibits calcineurin-mediated activa-
tion of NFAT. Activated (dephosphorylated) NFAT, on the
other hand, can stimulate the transcription of DSCR1 due to
the presence of NFAT binding sites within the DSCRI
promoter. There is no known direct physiological rela-
tionship between non-canonical Wnt signaling and DSCR1
at this time. Furthermore, it is not clear how these different
Ca”* signaling effectors become activated by frizzleds.

Non-canonical pathway—planar cell polarity (PCP)

Manifestations of PCP, as originally described in Dro-
sophila, include the parallel alignment of abdominal
sensory bristles and cytoplasmic extensions in wing cells
(or cellular hairs) and the orderly arrangement of omma-
tidia in the eye [39]. The organization of inner ear sensory
hair cell bundles and the migration and intercalation of
cells along the midline during gastrulation are manifesta-
tions of PCP in vertebrates [40, 41]. These morphogenetic
processes require coordinated changes to the cytoskeleton
and gene expression. Frizzleds, Dishevelled (Dvl), small
GTPases RhoA and Racl, and c-jun N-terminal kinase
(JNK) regulate PCP. The relevance of PCP to the devel-
opment and function of the vasculature is obscure.

Wnt/Frizzled function in the vasculature
Genetic analysis of Wnt/Frizzled in vasculature
Compelling evidence for a role of Wnt signaling in the

vasculature comes from analyses of mice that have targeted
disruptions of Wnt/frizzled genes and from analyses of
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several human vascular disorders linked to Frizzled-4 (Fz-
4). These studies show that canonical and non-canonical
Whnt signaling function in the vasculature.

Wnt-2

Targeted disruption of the Wnt-2 gene in mice leads to
defects in the placental vasculature that is marked by
reduced capillaries of fetal origin [42]. This defect arises
from either increased apoptosis or decreased proliferation
of endothelial cells. Other manifestations of the phenotype
include pooling of maternal blood, edema, and disruption
of the labyrinth zone, possibly due to reduced blood flow to
the placenta. The expression of Wnt-2 in fetal vessels of
the placenta is consistent with a placental vasculature
function [42]. Wnt-2 is a ligand that activates the Wnt/f3-
catenin signaling cascade [43].

Wnt-4

Vascular formation in the mammalian gonad occurs in a
sex-specific manner, during which endothelial cells migrate
from the mesonephros into the gonad to form a coelomic
blood vessel. Analysis of Wnt-4 knock-out mice shows that
WNT4 represses mesonephric endothelium in the XX
gonad, preventing the formation of male-specific coelomic
blood vessels [44].

Wnt-7b

Disruption of the Wnt-7b gene in mice leads to perinatal
death due to respiratory failure that is presumably from a
vascular defect [8, 45]. Newborn mutant mice exhibit
severe defects in the smooth muscle component of the
major pulmonary vessels causing rupture of major vessels
and hemorrhage in the lungs after birth. Wnt-7b gene
expression in airway epithelia may facilitate survival of
pulmonary smooth muscle cells. It is unclear which branch
of Wnt signaling is activated by Wnt-7b ligand.

Frizzled-5

Angiogenesis of the yolk sac and placenta is regulated by
Fz-5 gene expression [46]. Disruption of the murine Fz-5
gene leads to embryonic lethality by E11.5 due to improper
yolk sac and placental angiogenesis. The phenotype is
characterized by defects in large vitelline vessels and dis-
organization of the capillary plexus. It is thought that these
defects arise during angiogenic remodeling because the

primary vessel structure seems to form normally. There is a
reduction in the proliferation of yolk sac endothelial cells.
It is unclear which branch of the Wnt signaling cascade is
regulated by Fz-5 in this context because it is capable of
responding to Wnt-2, known to stimulate Wnt/f-catenin
signaling and Wnt-5a, which is thought to activate the non-
canonical pathways [47].

Frizzled-4

The human Fz-4 gene is linked to familial exudative vit-
reoretinopathy (FEVR), a hereditary ocular disorder
characterized by a failure of peripheral retinal vasculari-
zation [48]. Mutations in the Fz-4 gene that are linked to
FEVR are predicted to result in expression of a truncated
Fz-4 protein that lacks the cytoplasmic domain. FEVR is
an autosomal dominant disorder where mutant Fz-4 protein
may interfere with the activity of the normal gene product.
Biochemical signaling assays reveal that mutant Fz-4
protein lacks signaling activity [48]. Expression of normal
Fz-4 causes activation of CAMKII and protein kinase C,
both components of the Wnt/Ca>* pathway. Frizzled-4 does
not appear to activate the Wnt/f-catenin pathway [48].
Thus, defective retinal angiogenesis that is associated with
FEVR may be linked to improper Fz-4-mediated Wnt/Ca**
signaling. Frizzleds can homo- and hetero-oligomerize in
the endoplasmic reticulum (ER). A recent report shows that
Fz-4 mutants that are associated with FEVR form defective
hetero-oligomers with wild-type that accumulate in the ER
of cultured cells [49]. This explains the genetic dominance
of mutant Fz-4 in FEVR. The authors also report that Fz-4
can activate the Wnt/f-catenin pathway [49]. Thus, Fz-4
may transduce signals through Wnt/fS-catenin and Wnt/
Ca”* pathways. Defects in one or both pathways may
contribute to the FEVR phenotype.

Disruption of the mouse Fz-4 gene leads to progressive
cerebellar, auditory, and esophageal dysfunction [50];
however, further analysis of these mice reveals a retinal
vascular defect [51]. This defect is reminiscent of the
human FEVR phenotype.

Norrin/Frizzled-4

Incomplete retinal neovascularization occurs in both Norrie
disease (ND) [52] and FEVR. Norrie disease is a sex-
linked, congenital, progressive oculo-acoustico-cerebral
degenerative condition [52]. ND is characterized by a
spectrum of fibrous and vascular changes of the retina at
birth through childhood that causes varying degrees of
visual impairment. The phenotype of the human disorder
mimics the spectrum of phenotypes in the Fz-4 knockout
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mouse. Norrin, the protein product of the ND gene (also
referred to as Norrie disease protein, NDP), is a cysteine-
rich secreted protein having no structural similarity to Wnts
[53]. The Norrin protein is linked to several eye disorders
that are manifested by abnormal retinal vascular develop-
ment, including ND, FEVR, retinopathy of prematurity
(ROP) [54], and Coats’ disease [55]. Coats’ disease is
characterized by abnormal retinal vascular development,
and Coats’ telangiectasis has been linked to somatic
mutations in the NDP gene that affects Norrin within the
developing retina [56]. Norrin and Fz-4 function as a
ligand-receptor pair [51], a finding that is remarkable, in
itself, as proteins that are unrelated to Wnts can function as
Frizzled ligands. The evidence that Norrin signals through
Fz-4 during retinal vascular development includes: (1) the
similarity in vascular phenotypes of Norrin and Fz-4
mutations in humans and mice, (2) the specificity of Nor-
rin-Fz-4 binding, (3) Norrin induces Fz-4-dependent
activation of the Wnt/f-catenin pathway, and (4) the sig-
naling defects displayed by disease-associated variants of
Norrin and Fz-4. Norrin—-Fz-4 signaling thus plays a central
role in vascular development in the eye. Differing inheri-
tance patterns of FEVR and ND suggest separate
etiologies. However, the discovery of a functional and
physical relationship between Norrin and Fz-4 demon-
strates that these two retinopathies are manifestations of the
same physiological pathway. This is true for osteoporosis
pseudoglioma as well, where mutation in the LRP5 gene
contributes to detached retina and bone density disorders
[57, 58]. Four FEVR-linked loci have been mapped and
characterized, EVR-1, 2, 3, and 4. EVRI, 2, and 4 encode
Fz-4, Norrin and LRPS5, respectively. Norrie Disease and
FEVR have different inheritance patterns because Norrin is
X-linked recessive whereas Fz-4 exhibits dominant and
recessive inheritance patterns, as does LRP-5. Patients with
FEVR can present with a range of symptoms including
complete blindness due to retinal detachment, retinal vas-
cular defects, and persistence of fetal vasculature, digital
malformation, and bone density abnormalities. Thus, multi-
gene control of FEVR suggests a wide range of
abnormalities.

Whnt/Frizzled expression and activity in endothelial
cells

The Wnt/f-catenin pathway is thought to promote the
survival and/or proliferation of primary endothelial cells.
Microvascular endothelial cells cultured in vitro express
Wnt-5a, Wnt-7a, Wnt-10b and vascular smooth muscle
cells express Wnt-5a [59]. Wnts are paracrine factors that
could, conceivably, be expressed from a variety of cel-
lular sources (including endothelial, mural, or epithelial
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cells) to stimulate frizzled-bearing endothelial cells. Our
data demonstrates that Fz-4, Fz-5, Fz-6 expression occurs
in cultured human umbilical vein endothelial cells (HU-
VEC) [60] as are Fz-1, 3, 5 and 7 genes [59, 61]. These
Frizzleds are also expressed in vivo in a variety of
mammalian tissues [62—64]. Thus, Frizzled genes are
expressed by endothelial cells in vitro but their expression
is not restricted to endothelial cells in vivo.

Endothelial cells respond to the activation of the Wnt/f-
catenin pathway in vitro [60, 65, 66]. One study reports
that expression of Wnt-1, but not Wnt-5a, in HUVEC
increases cell proliferation, induces f-catenin stabilization,
and activates a TCF-responsive transcriptional reporter
[59]. Increased degradation of f-catenin correlates with
endothelial cell survival [67]. We find that ectopic
expression of a stabilized f-catenin, Wnt-1, or Wnt-5a
gene stimulates HUVEC proliferation [60, 68]. S-catenin
activity is implicated downstream of several distinct sig-
naling pathways that function in endothelial cells [69, 70].
In addition, PECAM, a key endothelial surface protein,
may signal to induce f-catenin levels [71]. Changes in
localization of f-catenin from the membrane to the cytosol,
an indicator of Wnt/f-catenin signaling, occur in endo-
thelial cells during neovascularization after experimentally
induced myocardial infarction [72].

In support of a role for non-canonical Wnt signaling
function in angiogenesis, studies using in vitro angiogen-
esis assays demonstrate that expression of Wnt-5a, which
activates non-canonical Wnt signaling, affects endothelial
cell behavior [68]. Ectopic expression of Wnt-5a in HU-
VEC promotes capillary-like endothelial network
formation and proliferation, whereas experimental reduc-
tion of Wnt-5a expression inhibits capillary-like
endothelial network formation [68]. Further, a pharmaco-
logical inhibitor, TNP-470, is known to inhibit endothelial
cell growth in vitro [73, 74] and has also been reported to
inhibit non-canonical Wnt signaling [75]. Studies will be
needed to know if pharmacological inhibition of non-
canonical Wnt signaling is relevant to strategies to block
pathological angiogenesis.

These studies, taken together, implicate the Wnt/f-
catenin pathway and the non-canonical pathway as
mediators of endothelial cell growth and survival. Few
studies have been done to explore the activity of frizzled
proteins in endothelial cells. FrzA, a frizzled related
protein (also known as sFrp-1) and an inhibitor of Wnt
signaling, can reduce the proliferation of cultured endo-
thelial cells [76]. sFrp-1 binds Fz-4 and 7 and it appears
to induce the re-organization of actin stress fibers in
endothelial cells by activating GSK-3, a component of
canonical Wnt signaling, and Rac-1, presumably acting on
the non-canonical Wnt pathway [77]. Finally, a compel-
ling case that activated f-catenin signaling occurs in
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endothelial cells in vivo is made by observing TCF
transcriptional activity in whole animals [78]. One such
transgenic mouse strain, BAT, contains a galactosidase
reporter under the control of f-catenin/TCF responsive
elements. It responds in all tissues where canonical Wnt
signaling occur and it identifies notochord, brain, and
endothelial cells (co-stained with PECAM) as a site of f3-
catenin/TCF signaling. Thus, f-catenin is clearly activated
in endothelial cells in vivo based on the analysis of the
BAT mouse.

Wht target genes encoding angiogenic regulators

The Wnt/f-catenin pathway appears to regulate VEGF-A
gene transcription [79]. Seven f-catenin/Tcf binding sites
occur in the VEGF-A gene promoter [80]. VEGF-A is
consistently up-regulated in colon cancer samples where
deregulated f-catenin is a determinant in colon carcino-
genesis. Furthermore, mice that carry a defect in the
APC gene, where disregulation of f-catenin is a conse-
quence, also produce an abnormal amount of VEGF
(Min/+ mice) [80]. Thus, the VEGF gene may be
responsive to physiological and pathological Wnt/f-
catenin signaling.

Other Wnt target genes that are pertinent to this review
include Interleukin-8, a cytokine that has angiogenic
activity [81-83] and is transcriptionally activated by f-
catenin/Tcf signaling in hepatocytes and HUVEC [84].
Matrix metalloproteinases (MMP) degrade components of
the extracellular matrix, a function that is essential to the
movement, proliferation, and assembly of endothelial cells
into blood vessels [85]. We find that MMP-1 is induced by
Whnt-5a via non-canonical signaling [68].

Summary

There is no doubt that the frizzled family of receptors
transmits signals from its ligands, Wnt and Norrin, that
are critical to the angiogenic processes. To be sure, the
consequence of defective Wnt signaling in the eye has
profound effects on retinal vasculature and can lead to
blindness. Canonical and non-canonical Wnt signaling
influence endothelial cell behavior by promoting key
steps in angiogenesis, such as endothelial cell prolifera-
tion and migration. In the case of canonical Wnt/f-
catenin signaling, the evidence is compelling that retinal
angiogenesis requires functional Wnt or Wnt-like signals
in humans and mice. The combined analysis of Norrie
and FEVR diseases show that Fz-4 is a key angiogenic
receptor, and one wonders whether this characteristic can
be extended to other frizzleds. We are also left to wonder

whether there are other Wnt ligand substitutes, besides
Norrin. Non-canonical Wnt signaling in endothelial cells
in whole animals is more obscure because, unlike Wnt/f3-
catenin signaling, there are no known vascular patholo-
gies that are linked to non-canonical signaling.

References

1. Wodarz A, Nusse R (1998) Mechanisms of Wnt signaling in
development. Annu Rev Cell Dev Biol 14:59-88
2. Reya T, Duncan AW, Ailles L, Domen J, Scherer DC, Willert K,
Hintz L, Nusse R, Weissman IL (2003) A role for Wnt signalling
in self-renewal of haematopoietic stem cells. Nature
423(6938):409-414
3. Willert K, Brown JD, Danenberg E, Duncan AW, Weissman IL,
Reya T, Yates JR III, Nusse R (2003) Wnt proteins are lipid-
modified and can act as stem cell growth factors. Nature
423(6938):448-452
4. Hanahan D (1997) Signaling vascular morphogenesis and main-
tenance. Science 277(5322):48-50
5. Carmeliet P, Storkebaum E (2002) Vascular and neuronal effects
of VEGF in the nervous system: implications for neurological
disorders. Semin Cell Dev Biol 13(1):39-53
6. Holash J, Wiegand SJ, Yancopoulos GD (1999) New model of
tumor angiogenesis: dynamic balance between vessel regression
and growth mediated by angiopoietins and VEGF. Oncogene
18(38):5356-5362
7. Rossant J, Howard L (2002) Signaling pathways in vascular
development. Annu Rev Cell Dev Biol 18:541-573
8. Darland DC, D’ Amore PA (2001) Cell-cell interactions in vas-
cular development. Curr Top Dev Biol 52:107-149
9. Conway EM, Collen D, Carmeliet P (2001) Molecular mecha-
nisms of blood vessel growth. Cardiovasc Res 49(3):507-521
10. Bhanot P, Brink M, Samos CH, Hsieh JC, Wang Y, Macke JP,
Andrew D, Nathans J, Nusse R (1996) A new member of the
frizzled family from Drosophila functions as a Wingless receptor.
Nature 382(6588):225-230
11. Tamai K, Semenov M, Kato Y, Spokony R, Liu C, Katsuyama Y,
Hess F, Saint-Jeannet JP, He X (2000) LDL-receptor-related
proteins in Wnt signal transduction. Nature 407(6803):530-535
12. Wehrli M, Dougan ST, Caldwell K, O’Keefe L, Schwartz S,
Vaizel-Ohayon D, Schejter E, Tomlinson A, DiNardo S (2000)
arrow encodes an LDL-receptor-related protein essential for
Wingless signalling. Nature 407(6803):527-530
13. Pinson KI, Brennan J, Monkley S, Avery BJ, Skarnes WC (2000)
An LDL-receptor-related protein mediates Wnt signalling in
mice. Nature 407(6803):535-538
14. Bafico A, Liu G, Yaniv A, Gazit A, Aaronson SA (2001) Novel
mechanism of Wnt signalling inhibition mediated by Dickkopf-1
interaction with LRP6/Arrow. Nat Cell Biol 3(7):683-686
15. Semenov MV, Tamai K, Brott BK, Kuhl M, Sokol S, He X
(2001) Head inducer Dickkopf-1 is a ligand for Wnt coreceptor
LRP6. Curr Biol 11(12):951-961
16. Mao B, Wu W, Li Y, Hoppe D, Stannek P, Glinka A, Niehrs C
(2001) LDL-receptor-related protein 6 is a receptor for Dickkopf
proteins. Nature 411(6835):321-325
17. Slusarski DC, Corces VG, Moon RT (1997) Interaction of Wnt
and a Frizzled homologue triggers G-protein-linked phosphati-
dylinositol signalling. Nature 390(6658):410-413
18. Liu T, DeCostanzo AJ, Liu X, Wang H, Hallagan S, Moon RT,
Malbon CC (2001) G protein signaling from activated rat friz-
zled-1 to the beta-catenin-Lef-Tcf pathway. Science
292(5522):1718-1722

@ Springer



68

Angiogenesis (2008) 11:63-69

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

31.

32.

33.

34.

35.

Peifer M, Polakis P (2000) Wnt signaling in oncogenesis and
embryogenesis—a look outside the nucleus. Science
287(5458):1606—-1609

Polakis P (2000) Wnt signaling and cancer. Genes Dev
14(15):1837-1851

Zeng L, Fagotto F, Zhang T, Hsu W, Vasicek TJ, Perry WL III,
Lee 1], Tilghman SM, Gumbiner BM, Costantini F (1997) The
mouse Fused locus encodes Axin, an inhibitor of the Wnt sig-
naling pathway that regulates embryonic axis formation. Cell
90(1):181-192

Latres E, Chiaur DS, Pagano M (1999) The human F box protein
beta-Trcp associates with the Cull/Skpl complex and regulates
the stability of beta-catenin. Oncogene 18(4):849-854
Klingensmith J, Nusse R, Perrimon N (1994) The Drosophila
segment polarity gene dishevelled encodes a novel protein
required for response to the wingless signal. Genes Dev 8(1):118-
130

Li L, Yuan H, Weaver CD, Mao J, Farr GH III, Sussman DJ,
Jonkers J, Kimelman D, Wu D (1999) Axin and Fratl interact
with dvl and GSK, bridging Dvl to GSK in Wnt-mediated reg-
ulation of LEF-1. EMBO J 18(15):4233-4240

Julius MA, Schelbert B, Hsu W, Fitzpatrick E, Jho E, Fagotto F,
Costantini F, Kitajewski J (2000) Domains of axin and disheveled
required for interaction and function in Wnt signaling. Biochem
Biophys Res Commun 276(3):1162-1169

Behrens J, von Kries JP, Kuhl M, Bruhn L, Wedlich D, Gros-
schedl R, Birchmeier W (1996) Functional interaction of beta-
catenin with the transcription factor LEF-1. Nature
382(6592):638-642

Molenaar M, van de Wetering M, Oosterwegel M, Peterson-
Maduro J, Godsave S, Korinek V, Roose J, Destree O, Clevers H
(1996) XTecf-3 transcription factor mediates beta-catenin-induced
axis formation in Xenopus embryos. Cell 86(3):391-399

He TC, Sparks AB, Rago C, Hermeking H, Zawel L, da Costa
LT, Morin PJ, Vogelstein B, Kinzler KW (1998) Identification of
c-MYC as a target of the APC pathway. Science
281(5382):1509-1512

Tetsu O, McCormick F (1999) Beta-catenin regulates expression
of cyclin D1 in colon carcinoma cells. Nature 398(6726):422-426

. You Z, Saims D, Chen S, Zhang Z, Guttridge DC, Guan KL,

MacDougald OA, Brown AM, Evan G, Kitajewski J, Wang
CY (2002) Wnt signaling promotes oncogenic transformation
by inhibiting c-Myc-induced apoptosis. J Cell Biol 157(3):429-
440

Kuhl M, Sheldahl LC, Park M, Miller JR, Moon RT (2000) The
Wnt/Ca>* pathway: a new vertebrate Wnt signaling pathway
takes shape. Trends Genet 16(7):279-283

Sheldahl LC, Park M, Malbon CC, Moon RT (1999) Protein
kinase C is differentially stimulated by Wnt and Frizzled
homologs in a G-protein-dependent manner. Curr Biol
9(13):695-698

Kuhl M, Sheldahl LC, Malbon CC, Moon RT (2000) Ca(2+)/
calmodulin-dependent protein kinase II is stimulated by Wnt and
Frizzled homologs and promotes ventral cell fates in Xenopus. J
Biol Chem 275(17):12701-12711

Ishitani T, Kishida S, Hyodo-Miura J, Ueno N, Yasuda J,
Waterman M, Shibuya H, Moon RT, Ninomiya-Tsuji J, Mat-
sumoto K (2003) The TAKI-NLK mitogen-activated protein
kinase cascade functions in the Wnt-5a/Ca(2+) pathway to
antagonize Wnt/beta-catenin signaling. Mol Cell Biol 23(1):131-
139

Ishitani T, Ninomiya-Tsuji J, Nagai S, Nishita M, Meneghini M,
Barker N, Waterman M, Bowerman B, Clevers H, Shibuya H,
Matsumoto K (1999) The TAKI1-NLK-MAPK-related pathway
antagonizes signalling between beta-catenin and transcription
factor TCF. Nature 399(6738):798-802

@ Springer

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Saneyoshi T, Kume S, Amasaki Y, Mikoshiba K (2002) The Wnt/
calcium pathway activates NF-AT and promotes ventral cell fate
in Xenopus embryos. Nature 417(6886):295-299

Buchholz M, Schatz A, Wagner M, Michl P, Linhart T, Adler G,
Gress TM, Ellenrieder V (2006) Overexpression of c-myc in
pancreatic cancer caused by ectopic activation of NFATcl and
the Ca2+/calcineurin signaling pathway. EMBO J 25(15):3714—
3724

Hesser BA, Liang XH, Camenisch G, Yang S, Lewin DA,
Scheller R, Ferrara N, Gerber HP (2004) Down syndrome critical
region protein 1 (DSCRI1), a novel VEGF target gene that regu-
lates expression of inflammatory markers on activated endothelial
cells. Blood 104(1):149-158

Theisen H, Purcell J, Bennett M, Kansagara D, Syed A, Marsh JL
(1994) Dishevelled is required during wingless signaling to
establish both cell polarity and cell identity. Development
120:347-360

Eaton S (1977) Planar polarization of Drosophilla and vertebrate
epithelia. Curr Opin Cell Biol 9:860-866

Mlodzik M (2002) Planar cell polarization: do the same mecha-
nisms regulate Drosophila tissue polarity and vertebrate
gastrulation? Trends Genet 18:564-571

Monkley SJ, Delaney SJ, Pennisi DJ, Christiansen JH, Wain-
wright BJ (1996) Targeted disruption of the Wnt2 gene results in
placentation defects. Development 122(11):3343-3353

Shimizu H, Julius MA, Giarre M, Zheng Z, Brown AM, Kita-
jewski J (1997) Transformation by Wnt family proteins correlates
with regulation of beta-catenin. Cell Growth Differ 8(12):1349—
1358

Jeays-Ward K, Hoyle C, Brennan J, Dandonneau M, Alldus G,
Capel B, Swain A (2003) Endothelial and steroidogenic cell
migration are regulated by WNT4 in the developing mammalian
gonad. Development 130(16):3663-3670

Shu W, Jiang YQ, Lu MM, Morrisey EE (2002) Wnt7b regulates
mesenchymal proliferation and vascular development in the lung.
Development 129(20):4831-4842

Ishikawa T, Tamai Y, Zorn AM, Yoshida H, Seldin MF, Nis-
hikawa S, Taketo MM (2001) Mouse Wnt receptor gene Fzd5 is
essential for yolk sac and placental angiogenesis. Development
128(1):25-33

He X, Saint-Jeannet JP, Wang Y, Nathans J, Dawid I, Varmus H
(1997) A member of the Frizzled protein family mediating axis
induction by Wnt-5A. Science 275(5306):1652—-1654

Robitaille J, MacDonald ML, Kaykas A, Sheldahl LC, Zeisler J,
Dube MP, Zhang LH, Singaraja RR, Guernsey DL, Zheng B,
Siebert LF, Hoskin-Mott A, Trese MT, Pimstone SN, Shastry BS,
Moon RT, Hayden MR, Goldberg YP, Samuels ME (2002)
Mutant frizzled-4 disrupts retinal angiogenesis in familial exu-
dative vitreoretinopathy. Nat Genet 32(2):326-330

Kaykas A, Yang-Snyder J, Heroux M, Shah KV, Bouvier M,
Moon RT (2004) Mutant Frizzled 4 associated with vitreoreti-
nopathy traps wild-type Frizzled in the endoplasmic reticulum by
oligomerization. Nat Cell Biol 6(1):52-58

Wang Y, Huso D, Cahill H, Ryugo D, Nathans J (2001) Pro-
gressive cerebellar, auditory, and esophageal dysfunction caused
by targeted disruption of the frizzled-4 gene. J Neurosci
21(13):4761-4771

Xu Q, Wang Y, Dabdoub A, Smallwood PM, Williams J, Woods
C, Kelley MW, Jiang L, Tasman W, Zhang K, Nathans J (2004)
Vascular development in the retina and inner ear: control by
Norrin and Frizzled-4, a high-affinity ligand-receptor pair. Cell
116(6):883-895

MacDonald IM, Sasi R (1994) Molecular genetics of inherited
eye disorders. Clin Invest Med 17(5):474-498

Meitinger T, Meindl A, Bork P, Rost B, Sander C, Haasemann M,
Murken J (1993) Molecular modelling of the Norrie disease



Angiogenesis (2008) 11:63-69

69

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

protein predicts a cystine knot growth factor tertiary structure.
Nat Genet 5(4):376-380

Mechoulam H, Pierce EA (2003) Retinopathy of prematurity:
molecular pathology and therapeutic strategies. Am J Pharmac-
ogenomics 3(4):261-277

Black GC, Perveen R, Bonshek R, Cahill M, Clayton-Smith J,
Lloyd IC, McLeod D (1999) Coats’ disease of the retina (uni-
lateral retinal telangiectasis) caused by somatic mutation in the
NDP gene: a role for norrin in retinal angiogenesis. Hum Mol
Genet 8(11):2031-2035

Jones JH, Kroll AJ, Lou PL, Ryan EA (2001) Coats’ disease. Int
Ophthalmol Clin 41(4):189-198

Baron R, Rawadi G, Roman-Roman S (2006) Wnt signaling: a
key regulator of bone mass. Curr Top Dev Biol 76:103-127
Kato M, Patel MS, Levasseur R, Lobov I, Chang BH, Glass DA
II, Hartmann C, Li L, Hwang TH, Brayton CF, Lang RA, Kars-
enty G, Chan L (2002) Cbfal-independent decrease in osteoblast
proliferation, osteopenia, and persistent embryonic eye vascu-
larization in mice deficient in Lrp5, a Wnt coreceptor. J Cell Biol
157(2):303-314

Wright M, Aikawa M, Szeto W, Papkoftf J (1999) Identification
of a Wnt-responsive signal transduction pathway in primary
endothelial cells. Biochem Biophys Res Commun 263(2):384—
388

Masckauchan TN, Shawber CJ, Funahashi Y, Li CM, Kitajewski
J (2005) Wnt/beta-catenin signaling induces proliferation, sur-
vival and interleukin-8 in human endothelial cells. Angiogenesis
8(1):43-51

Cheng CW, Smith SK, Charnock-Jones DS (2003) Wnt-1 sig-
naling inhibits human umbilical vein endothelial cell proliferation
and alters cell morphology. Exp Cell Res 291(2):415-425

Sala CF, Formenti E, Terstappen GC, Caricasole A (2000)
Identification, gene structure, and expression of human frizzled-3
(FZD3). Biochem Biophys Res Commun 273(1):27-34

Chan SD, Karpf DB, Fowlkes ME, Hooks M, Bradley MS, Vu-
ong V, Bambino T, Liu MY, Armaud CD, Strewler GJ et al
(1992) Two homologs of the Drosophila polarity gene frizzled
(fz) are widely expressed in mammalian tissues. J Biol Chem
267(35):25202-25207

Wang Y, Macke JP, Abella BS, Andreasson K, Worley P, Gilbert
DJ, Copeland NG, Jenkins NA, Nathans J (1996) A large family
of putative transmembrane receptors homologous to the product
of the Drosophila tissue polarity gene frizzled. J Biol Chem
271(8):4468-4476

van Gijn ME, Daemen MJ, Smits JF, Blankesteijn WM (2002)
The Wnt-Frizzled cascade in cardiovascular disease. Cardiovasc
Res 55(1):16-24

Goodwin AM, D’Amore PA (2002) Wnt signaling in the vascu-
lature. Angiogenesis 5(1-2):1-9

Wu WB, Peng HC, Huang TF (2003) Disintegrin causes prote-
olysis of beta-catenin and apoptosis of endothelial cells.
Involvement of cell-cell and cell-ECM interactions in regulating
cell viability. Exp Cell Res 286(1):115-127

Masckauchan TN, Agalliu D, Vorontchikhina M, Ahn A, Par-
malee NL, Li CM, Khoo A, Tycko B, Brown AM, Kitajewski J
(2006) Wnt5a signaling induces proliferation and survival of
endothelial cells in vitro and expression of MMP-1 and Tie-2.
Mol Biol Cell 17(12):5163-5172

Holnthoner W, Pillinger M, Groger M, Wolff K, Ashton AW,
Albanese C, Neumeister P, Pestell RG, Petzelbauer P (2002)
Fibroblast growth factor-2 induces Lef/Tcf-dependent transcrip-
tion in human endothelial cells. J Biol Chem 277(48):45847—
45853

Hanai J, Gloy J, Karumanchi SA, Kale S, Tang J, Hu G, Chan B,
Ramchandran R, Jha V, Sukhatme VP, Sokol S (2002) Endostatin

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

is a potential inhibitor of Wnt signaling. J Cell Biol 158(3):529-
539

Biswas P, Canosa S, Schoenfeld J, Schoenfeld D, Tucker A,
Madri JA (2003) PECAM-1 promotes beta-catenin accumulation
and stimulates endothelial cell proliferation. Biochem Biophys
Res Commun 303(1):212-218

Blankesteijn WM, van Gijn ME, Essers-Janssen YP, Daemen MJ,
Smits JF (2000) Beta-catenin, an inducer of uncontrolled cell
proliferation and migration in malignancies, is localized in the
cytoplasm of vascular endothelium during neovascularization
after myocardial infarction. Am J Pathol 157(3):877-883

Yeh JR, Ju R, Brdlik CM, Zhang W, Zhang Y, Matyskiela ME,
Shotwell JD, Crews CM (2006) Targeted gene disruption of
methionine aminopeptidase 2 results in an embryonic gastrulation
defect and endothelial cell growth arrest. Proc Natl Acad Sci
USA 103(27):10379-10384

Maier JA, Delia D, Thorpe PE, Gasparini G (1997) In vitro
inhibition of endothelial cell growth by the antiangiogenic drug
AGM-1470 (TNP-470) and the anti-endoglin antibody TEC-11.
Anticancer drugs 8(3):238-244

Zhang Y, Yeh JR, Mara A, Ju R, Hines JF, Cirone P, Griesbach
HL, Schneider I, Slusarski DC, Holley SA, Crews CM (2006) A
chemical and genetic approach to the mode of action of fum-
agillin. Chem Biol 13(9):1001-1009

Duplaa C, Jaspard B, Moreau C, D’Amore PA (1999) Identifi-
cation and cloning of a secreted protein related to the cysteine-
rich domain of frizzled. Evidence for a role in endothelial cell
growth control. Circ Res 84(12):1433-1445

Dufourcq P, Leroux L, Ezan J, Descamps B, Lamaziere J-MD,
Costet P, Basoni C, Moreau C, Deutsch U, Couffinhal T, Duplaa
C (2008) Regulation of endothelial cell cytoskeletal reorganiza-
tion by a secreted Frizzled-related protein-1 and Frizzled 4- and
Frizzled-7 dependent pathway. Am J Pathol 172:37-49

Maretto S, Cordenonsi M, Dupont S, Braghetta P, Broccoli V,
Hassan AB, Volpin D, Bressan GM, Piccolo S (2003) Mapping
Whnt/beta-catenin signaling during mouse development and in
colorectal tumors. Proc Natl Acad Sci USA 100(6):3299-3304
Zhang X, Gaspard JP, Chung DC (2001) Regulation of vascular
endothelial growth factor by the Wnt and K-ras pathways in
colonic neoplasia. Cancer Res 61(16):6050-6054

Easwaran V, Lee SH, Inge L, Guo L, Goldbeck C, Garrett E,
Wiesmann M, Garcia PD, Fuller JH, Chan V, Randazzo F,
Gundel R, Warren RS, Escobedo J, Aukerman SL, Taylor RN,
Fantl WJ (2003) beta-Catenin regulates vascular endothelial
growth factor expression in colon cancer. Cancer Res
63(12):3145-3153

Strieter RM, Kunkel SL, Elner VM, Martonyi CL, Koch AE,
Polverini PJ, Elner SG (1992) Interleukin-8. A corneal factor that
induces neovascularization. Am J Pathol 141(6):1279-1284
Koch AE, Polverini PJ, Kunkel SL, Harlow LA, DiPietro LA,
Elner VM, Elner SG, Strieter RM (1992) Interleukin-8 as a
macrophage-derived mediator of angiogenesis. Science
258(5089):1798-1801

Li A, Dubey S, Varney ML, Dave BJ, Singh RK (2003) IL-8
directly enhanced endothelial cell survival, proliferation, and
matrix metalloproteinases production and regulated angiogenesis.
J Immunol 170(6):3369-3376

Levy L, Neuveut C, Renard CA, Charneau P, Branchereau S,
Gauthier F, Van Nhieu JT, Cherqui D, Petit-Bertron AF, Mathieu
D, Buendia MA (2002) Transcriptional activation of interleukin-8
by beta-catenin-Tcf4. J Biol Chem 277(44):42386-42393

Visse R, Nagase H (2003) Matrix metalloproteinases and tissue
inhibitors of metalloproteinases: structure, function, and bio-
chemistry. Circ Res 92(8):827-839

@ Springer



	Wnt/Frizzled signaling in angiogenesis
	Abstract
	Wnt signal transduction
	Canonical pathway?Wnt/&bgr;-catenin
	Non-canonical pathway?Wnt/Ca2+
	Non-canonical pathway?planar cell polarity (PCP)

	Wnt/Frizzled function in the vasculature
	Genetic analysis of Wnt/Frizzled in vasculature
	Wnt-2
	Wnt-4
	Wnt-7b
	Frizzled-5
	Frizzled-4
	Norrin/Frizzled-4

	Wnt/Frizzled expression and activity in endothelial cells
	Wnt target genes encoding angiogenic regulators
	Summary

	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


