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Summary

Wnt signaling through the canonical B-catenin pathway  signaling. We discuss Arrow/Lrp5/Lrp6 interactions with

plays essential roles in development and diseaseovi-  Wnt and the Frizzled family of Wnt receptors, and with the
density-lipoprotein receptor-related goteins 5 and 6 (Lrp5  intracellular B-catenin degradation apparatus. We also
and Lrp6) in vertebrates, and their Drosophila ortholog discuss the regulation of Lrp5/Lrp6 by other extracellular

Arrow, are single-span transmembrane proteins that are ligands, and LRP5 mutations associated with familial
indispensable for Wntf3-catenin signaling, and are likely to  osteoporosis and other disorders.

act as Wnt co-receptors. This review highlights recent

progress and unresolved issues in understanding the

function and regulation of Arrow/Lrp5/Lrp6 in Wnt Supplemental data available online

Introduction unless otherwise specified, use Lrp5/Lrp6 to refer Lrp5 and

Signaling by the Wnt family of secreted growth factors has ke}'P6 together in the discussion. For an overview of Wnt
roles in development and disease (Wodarz and Nusse, 1998gnaling, including accounts of various Wnt transduction
Veeman et al., 2003). Since the discoveryVefitl as an Pathways and components, readers may refer to many excellent
oncogene that causes mouse mammary tumorigenesis (Nuggiews (Wodarz and Nusse, 1998; Adler, 2002; Huelsken and
and Varmus, 1982), the Wnt gene family, which includes 1$ehrens, 2002; Nusse, 2003; Strutt, 2003; Veeman et al.,
members in the human genome, has been found in all anim&?03).
species examined. Wnt proteins regulate many stages qf . o :
development, from patterning of the embryo and generation gfanonlc.:al Wnt/ p-catenin signaling
tissues and cell types, to regulation of cell movements, polarit§-catenin phosphorylation and degradation
axon guidance and synapse formation (Nusse, 2003; Packartle outcome of the most intensively studied Wnt pathway —
et al., 2003; Strutt, 2003; Veeman et al., 2003). Defective Writhe canonical Wnf-catenin signaling pathway — relies to a
signaling plays major roles in diseases such as cancer (Bielsge extent on the regulation of the stability/abundance of the
and Clevers, 2000; Polakis, 2000) and osteoporosis (Patel afietatenin protein (Fig. 1). It is widely accepted that in this
Karsenty, 2002). Therefore, the investigation of Wnt signalWnt pathway -catenin associates with, and acts as an
transduction is crucial for understanding development andbligatory nuclear co-activator for, the TCF/LEF (T cell
disease. factor/Lymphoid enhancer factor) family of transcription
The interaction of Wnt proteins with their receptors on thdactors (Bienz and Clevers, 2003; Cong et al., 2003;
cell surface is the first step in transducing the extracellulafolwinski and Wieschaus, 2004). In the absence of a Wnt
signal into intracellular responses. The first identified Wntigand, the level of cytosoli-catenin is kept low as a
receptors were members of the Frizzled (Fz) family of severresult of its amino-terminal phosphorylation-dependent
pass transmembrane receptors (Wodarz and Nusse, 1998),utfiquitination/proteosome degradation. Whgscatenin is
of which are encoded in the human genome. In addition to Aew, TCF/LEF is associated with transcriptional co-repressors
proteins, the canonical W@ttatenin signaling pathway and suppresses Wnt-responsive gene expression (Fig. 1A).
requires single-span transmembrane proteins that belong tdJpon Wnt stimulation, B-catenin phosphorylation and
subfamily of low-density-lipoprotein (LDL) receptor related degradation is inhibited, and the accumulatiorafatenin
proteins (LRPs): vertebrate Lrp5 and Lrp6, and theipromotes its association with TCF/LEF, leading to the
Drosophilaortholog Arrow (Pinson et al., 2000; Tamai et al., activation of Wnt-responsive transcription (Fig. 1B).

2000; Wehrli et al., 2000), which are the focus of this review. [-catenin phosphorylation is thus a crucial regulatory step
We will discuss the structure and function ofin this Wnt pathwayp-Catenin phosphorylation involves the
Arrow/Lrp5/Lrp6, their interactions with Wnt, Fz and the sequential actions of casein kinase 1 (Ckl1) and glycogen
intracellular B-catenin signaling apparatus, their biogenesisynthase kinase 3 (Gsk3), and takes place in a protein complex
and modulation by extracellular antagonists, and, finally, thassembled by the scaffolding protein Axin and the tumor
roles of LRP5 mutations in human diseases. Because of theiappressor protein Apc, tteglenomatous polyposis cglene
related biochemical properties in Wnt signaling, we will often,product (Fig. 1A). Phosphorylatdticatenin is recognized by
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A Without Wnt B With Wnt

Arrow/Lrp5/Lrp6

== \Wnt responsive gene

Whnt responsive gene

Fig. 1.A simplified prevailing view of Wnf-catenin signaling (see Box 1 for some alternative views). (A) Without Wnt, the scaffolding protein
Axin assembles a protein complex that contains Apc, Gsk3, Ck-eainin. In this compleg-catenin is sequentially phosphorylated by Ck1 and
Gsk3. Phosphorylategtcatenin is recognized I8¢ Trcp, which is a component of an ubiquitin-ligase complex that conjugragenin with

ubiquitin. Poly-ubiquitinate@-catenin is degraded by the proteosome. TCF/LEF-associated co-repressors, such as Groucho (Cavallo et al., 1998),
and Axin-associated Diversin (Schwarz-Romond et al., 2002), PP2A (Hsu et al., 1999) and other proteins (Kikuchi, 1998}idoe simiplicity.

(B) In the presence of Wrft;catenin phosphorylation and degradation is inhibited. Accumatatenin forms a nuclear complex with the DNA-
bound TCF/LEF transcription factor, and together they activate Wnt-responsive genes. This signaling cascade is peidhagsainitisténduced
Fz-Lrp5/Lrp6 co-receptor complex, which recruits Axin to the plasma membrane through Lrp5/Lrp6-Axin association. Fz-d3isheatddd

(Dvl) protein may bind Axin and inhibit Axin-Gsk3 phosphorylatiorBafatenin, either directly or indirectly via Dvl-associated proteins.
Lrp5/Lrp6-Axin binding may also promote Axin degradation. Either or both of these events carfleatktoin accumulation. This description
represents one of several possibilities. The composition of the Axin complex upon Wnt stimulation is not well defined. iGgBdi&id

(GBP/Frat) (Farr et al., 2000; Salic et al., 2000), and nuBteatenin-associated Legless/Bcl9 and Pygopus (Belenkaya et al., 2002; Kramps et al.,
2002; Parker et al., 2002; Thompson et al., 2002) are omitted for simplicity. Modified with permission from He (He, 2003).

the F-box proteif3-Trcp, which is a part of an ubiquitin-ligase in Drosophila Studies using culturddrosophilacells indicate
complex that conjugates3-catenin with ubiquitin for that two members of the Fz family, Dfz1 and Dfz2 (Fz and Fz2
proteosome degradation (Polakis, 2002; Wu et al., 2004). This FlyBase), are Wingless (W@rosophilaWntl) receptors,
phosphorylation-degradation process is often perturbed which bind Wg with high affinities (k=108 M and 169 M
human colorectal cancers and other tumors, either by a lossfof Dfz1 and Dfz2, respectively) (Bhanot et al., 1996; Rulifson
functional Apc or Axin, or by3-catenin mutations that prevent et al., 2000). Fly mutants lacking bditiz1 and Dfz2 but not
its phosphorylation and degradation, thereby resulting imutants lacking either, have severely defective Wg signaling
constitutive Wni-catenin signaling (Bienz and Clevers, 2000;(Bhat, 1998; Kennerdell and Carthew, 1998; Bhanot et al.,
Polakis, 2000). 1999; Chen and Struhl, 1999; Muller et al., 1999), providing
How Wnt inhibits B-catenin phosphorylation is not well unambiguous evidence that, in many contexts, Dfz1 and Dfz2
defined, but may be achieved by any of, or combinations ofre redundant Wg receptors.
the following (Fig. 1B): (1) degradation of the Axin protein  Studies in nematodesXenopus and mammalian cells
(Willert et al., 1999; Yamamoto et al., 1999; Mao et al., 2001bsupport the Wnt-Fz ligand-receptor relationship (Sawa et al.,
Tolwinski et al., 2003); (2) alteration of the composition of thel996; Yang-Snyder et al., 1996; He et al., 1997; Rocheleau et
Axin complex (such as by dissociation of Gsk3fecatenin  al., 1997; Thorpe et al., 1997; Hsieh et al., 1999). However, the
from Axin) (Kishida et al., 1999a; Willert et al., 1999; Li et al., specificity of Wnt-Fz interactions remains largely unresolved,
1999; Itoh et al., 2000); (3) binding of the Gsk3 binding proteirparticularly in vertebrates, because of difficulties in producing
(GBP) to Gsk3 (Farr et al., 2000; Salic et al., 2000); and (43oluble Wnt proteins, the large numbers of Wnt and Fz genes,
inhibition of Gsk3 (or Ck1) kinase activity (Cook et al., 1996).and the potential multitudes of Wnt-Fz interactions and
A recent genetic study iDrosophila(Tolwinski et al., 2003), functional redundancies. Nevertheless, recent success in
however, suggested that WHzatenin signaling can occur in purification of the first Wnt protein, mouse Wnt3a, may help
a Gsk3-independent manner (Box 1). Another cytoplasmito pave the way for comprehensive biochemical studies of
protein Dishevelled has a crucial but poorly understood role ikVnt-Fz interactions in vitro (Willert et al., 2003).

the inhibition of the Axin/Gsk3 complex, and is discussed in - .
more detail in later sections. Arrow/Lrp5/Lrp6: primary structure and function

Arrow/Lrp5/Lrp6 and Wnt/-catenin signaling

Fz proteins are Wnt receptors The roles of Arrow and Lrp6 in Wnt signaling were discovered
The Wnt-Fz ligand-receptor relationship is best characterizeda genetic studies.Drosophila mutants lacking arrow



Box 1. Is inhibition of Gsk3 phosphorylation of 3-catenin
required for Wnt signaling?

Although most experimental data support the model that V]
signals via inhibition of3-catenin phosphorylation-degradatio
this dogma appears to be challenged by a genetic stud
Drosophila (Tolwinski et al., 2003). Using a mutafditcatenin

(Armadillo) with weaker activity, these authors showed th
Wnt/Wg signaling can occur in Gsk3/Zw3 mutant embryd
probably through promoting Axin protein degradation. Togetk
with other data (Tolwinski and Wieschaus, 2001), a model V
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Lrp5/Lrp6: redundancy and Wnt specificity

Lrp5 and Lrp6 are highly homologous, and are widely co-
expressed during embryogenesis and in adult tissues (Dong et
al., 1998; Hey et al., 1998; Kim et al., 1998; Pinson et al., 2000;
Houston and Wylie, 2002; Kato et al., 2002; Fujino et al., 2003;
Kelly et al., 2004)Lrp6~/~mice are perinatal lethal and exhibit
mid/hindbrain defects, posterior truncation and abnormal limb
patterning, which resemble the defects of mice mutant for
wntl, Wnt3aand Wnt7a(Pinson et al., 2000L.rp5~~ mice

have normal embryogenesis, grow to adulthood and are fertile,

proposed in which Axin anchoifd-catenin in the cytoplasm;
Whnt-induced degradation of Axin releagesatenin, allowing it

complement its role as a scaffolding protein fdicatenin

be significantly lower than that of cytosoBecatenin (Lee et al.,
2003), implying that Axin may only be sufficient to anchor

clarified is whether th&sk3/zw3mutant embryoszv3n11-}
used in the study retain residual Gsk3/Zw3 activities (Ruel et
1993), or whether other Gsk3-like molecules in the fly geno
may have compensated for Gsk3/Zw3 in the presence of
weak3-catenin allele.

Another issue that requires further study is whefeatenin
phosphorylation by Gsk3 inhibit8-catenin ‘specific activity’
(i.e. activity per molecule) independent of its protein level. So

2000), and in an in vitro reconstituted TCF/LEF transcripti

phosphorylated (because of mutated/deleted serine/threo
residues) has higher specific activity than the wild-tfse
catenin.
increased3-catenin activity from increased protein level mak
such an interpretation less clear-cut.

to accumulate in the nucleus for signaling (Tolwinski et a
2003). Although an anchoring role for Axin is possible and m

phosphorylation, one caveat is that the Axin protein level n

small fraction ofp-catenin. A key issue that remains to b

experiments irKenopugembryos/extracts (Guger and Gumbine

assay (Tutter et al., 2001), implied tiflatatenin that cannot be

However, the technical difficulty in dissociatin

but show osteoporosis (Kato et al., 2002) and some metabolic
abnormalities (Magoori et al., 2002; Fujino et al., 2003). Thus,
the Lrp6 loss-of-function phenotype is much more severe than
the Lrp5 loss-of-function phenotype, indicating that Lrp6 has
a more influential role than Lrp5 during embryogenesis. There
is a hint of functional redundancy between Lrp5 and Lrp6, as
defects inLrp6~'~embryos are less severe than those observed
in individual Wnt mutants (Pinson et al., 2000). Indeed,
Lrp5~~ Lrp6~'~ double mutant mice die during gastrulation
al. (much earlier thahrp6~/—mice); they lack the primitive streak
me and nascent mesoderm (Kelly et al., 2004), and thus
the phenotypically resemble thé/nt3 mutant (Liu et al., 1999).
Thus, genetic studies in mice indicate that Wnt3 requires either
Lrp5 or Lrp6 in order to function, whereas Wntl, Wnt3a and
Wnt7a rely on Lrp6 primarily and Lrp5 to some extent.
Mme  Whether signaling by other Wnt proteins requires Lrp5 and/or
' Lrp6 cannot be inferred at the moment due to the early lethality
PN of double Lrp57— Lrp67~ mutants and the degree of
redundancy between the two proteins. It seems unlikely that
Lrp5 and Lrp6 are involved in signaling by distinct Wnt
proteins during development (note thaip5~- mice have
normal embryogenesis), although more genetic studies are
needed to clarify this issue. It is also unclear whether, in
Drosophila Arrow is required for signaling by other Wnt

nine

g
es

phenotypically resemble theg mutant (Wehrli et al., 2000),

proteins besides Wg.
An allelic series of compound mutants reveal the
following order of severity of developmental abnormalities:

and mutant mice lackingrp6 exhibit composite phenotypes | \p5+~ (normal)<rp6*-<Lrp5—<Lrp5*~; Lrp6*—<Lrp5-;

similar to mutations of several individual Wnt genes (Pi

NSON rp6*/~<Lrp6/—<Lrp5*=; Lrp6~/<Lrp57= Lrp6~~ (Kelly et

et al., 2000). InXenopusembryos, dominant-negative Lrp6 g 2004). This is likely to reflect the severity of loss of \fnt/

blocks signaling by several Wnt proteins, whereagatenin signaling, and supports the view that Lrp5 and Lrp6
overexpression of Lrp6 cooperates with Wnt and Fz to activaighare significant overlapping functions but that Lrp6 plays a
Wnt/B-catenin signaling (Tamai et al., 2000). Furthermoremore crucial role, at least during embryogenesis. This is
Arrow and Lrp6 are required for cells to respond to Wnt, an@onsistent with observations that overexpression of Lrp6
act upstream of known intracellular Wnt signaling componentgyhibits significantly stronger activity than Lrp5 Xenopus

in Drosophilaand Xenopug(Tamai et al., 2000; Wehrli et al., (Tamai et al., 2000) and mammalian cells (Holmen et al.,
2000), pinpointing a role for Arrow/Lrp6 in Wg/Wnt signal 2002). It is possible that Lrp6 has a higher affinity for Wnts or

reception. A recent genetic study in mice indicates that Lrpg stronger signaling efficacy than Lrp5, or both.
also has a role in Wnt signaling (Kelly et al., 2004).

Unlike Fz, which is required for multiple Wnt pathways Arfow/Lrp5/Lrp6: members of the LDLR family

(Strutt, 2003; Veeman et al., 2003), Arrow and Lrp6 appeafrrow/Lrp5/Lrp6 is a subfamily of the LDL receptor (LDLR)
to be specifically required for Wiitlcatenin signaling. In  family (Fig. 2), which has diverse roles in metabolism and
Drosophilg Dfz1, but not Dfz2, plays a central role in planardevelopment (Herz and Bock, 2002). Human LRP5 was
cell polarity (PCP) determination (reviewed by Adler, 2002;isolated through its homology to LDLR (Dong et al., 1998; Hey
Strutt, 2003), whereaarrow mutants exhibit normal PCP et al., 1998; Kim et al., 1998). Human LRP6 was identified by
(Wehrli et al., 2000). This indicates that Arrow is not requiredts homology to LRP5 (Brown et al, 1998).
for Dfz1 PCP function. Similarly, ikenopusblocking Lrp6  Arrow/LRP5/LRP6 are type | single-span transmembrane
function has little effect on gastrulation movementsproteins with 1678, 1615 and 1613 amino acid residues,
(Semenov et al., 2001), which are regulated by a Wntl1l/Respectively. LRP5 and LRP6 share 73% and 64% identity in
pathway analogous to Dfz1/PCP signaling (Heisenberg et akxtracellular and intracellular domains, respectively, whereas
2000; Tada and Smith, 2000; Wallingford et al., 2000). Arrow is equally related (40% identical) to LRP5 and LRP6
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Box 2. Architecture of Arrow/Lrp5/Lrp6 extracellular domains

Structure of a prototypic YWTD {-propeller-EGF-like domain of the LDLR. (Left) View down the central axis of the
six-bladed propeller. Each blade (W1 to W6, in different colors) contains four 3-strands (1 to 4). E3 represents the
EGF-like domain, which packs tightly against and forms side chain interactions with the propeller. (Right) Side
view. Reproduced with permission from Jeon et al. (Jeon et al., 2001).

The Arrow/Lrp5/Lrp6 extracellular domains have three basic domains: the YWTD (tyrosine, tryptophan, threonine and agparie acid
B-propeller domain, the EGF (epidermal growth factor)-like domain, and the LDLR type A (LA) domain. These are defining fahrires of
LDLR family. The YWTD-typef3-propeller domain has six YWTD repeats of 43-50 amino acid residues each (the conserved YWTD residues
are located at the beginning of each repeat), and forms a six-Blgaepeller structure (Springer, 1998; Jeon et al., 2001). Arrow/Lrp5/Lrp6
have four YWTD-propeller domains that are each followed by an EGF-like domain, which comprises approximately 40 amino acjds with
conserved cysteine residues; these domains are then followed by three LA domains. In the LDLR, LA domains constitute g Bitdsindin
and their intramolecular interaction with fBeropeller-EGF-like domain controls LDL binding with, and release from, the LDLR (Rudenko
et al., 2002). Whether an analogous intramolecular interaction exists in Arrow/Lrp5/Lrp6 is unkno@rpropeller-EGF-like domains in
Lrp5/Lrp6 appear to bind extracellular ligands.

(Box 2, Box 3, Fig. S1 at http://dev.biologists.org/  Table 1. Summary of various Wnt-Arrow/Lrp5/Lrp6

supplemental/). Indeed, LRP6 substitutes for Arrow during Wg binding studies

signaling in culturedrosophilacells (Schweizer and Varmus, Wnt binding

2003), and constitutively activated Arrow (discussed later) Wht tested detected References

activates Wnfi-catenin s!gnalmg in mammalian cells and Lrp5 Wnil Yes Mao et al., 20010

Xenopus embryos (Tamai et al., 2004). Kato et al., 2002
wnt4 Yes Kato et al., 2002

Arrow/Lrp5/Lrp6: Wnt co-receptors? Lrp6 wnitl Yes Tamai et al., 2000*

The simplest model to account for the role of Arrow/Lrp5/Lrp6 wnt3a Yes Liu et al., 2003

in Wnt signaling is that Arrow/Lrp5/Lrp6 are Wnt co- Xwnt8 Yes Iltasaki et al., 2003~

receptors. Nevertheless, a few issues concerning this view Arrow Wg No Wu and Nusse, 2003*

remain:
Q) Do Arrow/Lrp5/Lrp6 bind wnt? Co- Various groups employed different binding assays in studying Wnt-

. L . rrow/Lrp5/Lrp6 interactions, which appear to be weaker than Wnt-Fz
|mmunopreC|p|ta_t|0n (CO'IP) experiments  suggest tha teractions (M.S. and X.H., unpublished), and the binding affinities have not
Lrp5/Lrp6 can bind Wntl, Wnt3a, Wnt4 anxtnopusWnt8  peen reported.
(Xwnt8; Table 1) (Tamai et al., 2000; Mao et al., 2001b; Kato *One assay involves the production of conditioned medium (CM)
etal., 2002; Itasaki et al., 2003; Liu et al., 2003), although Wnpontt/%i\?ingheither thbe secre:eﬂ Arrow/Lrp5/Lrpr(]5 extr?jcellglar domain or

P L nt/Wg, then incubation of the two CM together and subsequent co-IPs.
Lrp5/Lrp6 blndlng aﬁln.ltle.s have not been reported, perhap%:/ote that CM contains bovine serum proteins and other secreted proteins
because of a weaker binding between Wnt and Lrp5/Lrp6 thagade by the cultured cells, and thus is not a pure source of proteins of
that between Wnt and Fz. The first two YWBEpropeller plus  interest.
EGF-like domains of Lrp6 (Fig. 2; see also Fig. 6) are involved TAnother assay involves co-transfection of Wnt plus Lrp5/Lrp6, either the

i indi ; ; i~ nfull length or just the extracellular domain, followed by co-IPs using total cell
in binding Xwnt8 (ltasaki et al., 2003), and, in mamma“anextracts. One cautionary note here is that Wnt and Lrp5/Lrp6, because in part

Ce"S', these _domams are requwed for Lrp6 tO cooperat& their high cysteine content, may exhibit some misfolded proteins in the
funqtlpnally with Wnt/Fz (Mao et al., 2001a). Addltlonally, an secretory pathway when overexpressed (see Box 4). Thus total cell lysates
artificially-created secreted Lrp5 extracellular domain blocksnay contain Lrp5/Lrp6 and/or Wnt aggregates that pose problems for co-IPs.
wnt signaling, presumably by competing away Wnt ligands'his if Igssta t|z?]rot(>5evlm(when usir:gdCM,tﬁs itlis generallybbelie\)/ehd thalt) proteins
. ; creted into the or presented on the plasma membrane) have been
(Mao et a!" 2001b; ang etal, .2001) (Flg' 3)' We_ T‘Ote th roperly matured through the secretory route, i.e. have been correctly folded
Wnt proteins are palmitoylated (i.e. covalently modified by &g processed.
lipid moiety) and are, therefore, lipoproteins (Willert et al., *The third assay tests the binding of the Arrow extracellular domain

2003; Nusse, 2004). It may make sense intuitively that they aferovided by CM) to cells expressing a membrane-tethered form of Wg.




Box 3. Features of Arrow/Lrp5/Lrp6 intracellular domains

Arrow/Lrp5/Lrp6 intracellular domains (see Fig. S1
http://dev.biologists.org/supplemental/) have 209, 207 and
amino acid residues, respectively, and are rich in prolines
serines (15-20% each). They lack any recognizable catal
motifs and share no sequence similarity with other LDL
proteins. Identifiable are scattered conserved regions, inclu
five reiterated PPP(S/T)P motifs (see Fig. S1), which are
Axin-binding sites and are essential for Lrp6 signaling functi
(Tamai et al., 2004). These motifs also have some similarity
the consensus binding site for Src homology 3 (SH3)-doma
(Dong et al., 1998), found in many scaffolding/signalin
molecules (Pawson and Nash, 2003). Two of the
(VIY)PPPPTP and (Y/F/L)PPPPSP (see Fig. S1), are a g
match for the consensus binding site (F/W/Y/L)PPPP for EV
(Ena/Vasp homology 1) domains, which are present in
Ena/Vasp family of signaling proteins involved in acti
cytoskeletal regulation (Niebuhr et al., 1997). Whether the
regions serve as SH3 or EVH1 binding sites in Arrow/Lrp5/Lr
function is unknown.

Noticeably absent in the intracellular domains
Arrow/Lrp5/Lrp6 is the NPxY motif (x, any amino acid), whic
is present in all other LDLR proteins (Fig. 2) and mediat
interactions with the endocytic apparatus (for recep
internalization) and/or cytoplasmic  signaling/scaffoldin
proteins in signal transduction (Herz and Bock, 2002). Howe\
other types of potential internalization motifs, such as
di-leucine  (LL or IL) motif and an YRXxY
(aromatic—x—x—aromatic/large hydrophobic) sequence, can
found in Arrow/Lrp5/Lrp6 (Brown et al., 1998) (see Fig. S1), b

Review 1667

ligands for Lrp5/Lrp6, which, as members of the LDLR family,

may be specialized in binding lipoproteins. However, in
.t Drosophila Wg binding to Arrow has not been demonstrated
18 (Wu and Nusse, 2002) (Table 1).
and (2) Does Arrow/Lrp5/Lrp6 associate with Fz? Some
ytic evidence suggests so. mFz8CRD, which is_tysteine-ich
R domain of mouse Fz8, and which binds Wnt (Hsieh et al.,
ling 1999), exhibits a Wntl-dependent association with both the
the Lrp5 and Lrp6 extracellular domains in vitro (Tamai et al.,
O?h 2000; Semenov et al., 2001), leading to the proposal that Wt
{I'ns induces a complex formation between Fz and Lrp5/Lrp6 (Fig.
g 1). Indeed, forced proximity of Dfz2 and Arrow, by fusing the
se, Arrow intracellular domain with the Dfz2 cytoplasmic tail (Fig.
ood 3), activate3-catenin signaling in a Wg-independent manner
H1 (Tolwinski et al., 2003), implying that Wg brings Arrow and
the Dfz2 together. However, attempts to detect a complex of Wg,
n  Dfz2CRD and the Arrow extracellular domain have not so far
*S€ peen successful (Wu and Nusse, 2002).
p6 Further experiments will be needed to substantiate any Fz-
Lrp5/Lrp6 association. First, can Wnt-Lrp5/Lrp6 affinities be
I measured? Second, can an in vitro Wnt-Fz-Lrp5/Lrp6
es (extracellular domains) complex be observed for Wnt and Fz
tor Proteins other than just Wntl and Fz8? Third, can a complex
between wild-type Fz and Lrp5/Lrp6 be detected at the plasma
er, membrane? Finally, although the simplest version of the co-
a receptor model is that Lrp5/Lrp6 and Fz bind independently to

Whnt, it remains to be examined whether Fz binding to Wnt
be enhances the Wnt-Lrp5/Lrp6 interaction, and/or vice versa.
Ut Answering these questions may not be simple, however,

of

«

whether they play roles in Arrow/Lrp5/Lrp6 endocytosis
unknown.

is

Fig. 2. Schematic diagram of
Arrow/LRP5/LRP6 and other

members of the LDLR family.

All proteins depicted are of

human origin except for Arrow
(Drosophilg), and are conserve

in vertebrates; some have

invertebrate homologs (Herz al

Bock, 2002). YWTD (Tyr, Trp,

Thr and Asp)-typé-propeller

domains, LDLR type A (LA)

domains and EGF (epidermal

growth factor)-like domains are

shared by all LDLR family ;
proteins, although the domain
arrangements vary.

Arrow/LRP5/LRP6 are highly
homologous and have the sam
extracellular domain

arrangements. Intracellularly

they do not have the NPxY [As ilr
Pro, X (any amino acid) and Ty

motif, but instead each have fi

copies of PPP(S/T)P (P, Pro; S LRP1
Ser or Thr) motifs. Besides
Arrow/LRP5/LRP6, VLDLR
(very low-density lipoprotein

M L Ll 44 4 g
o VIV EVEEY

LRP1B LRP2

Ei-!’-i

APOER LRPDIT Megalin MEGF7 LRP8

because Wnt-Fz specificity itself is not well understood, and,
with the possible exception of a few Wnits, it is not clear which

@ YwTtD B-propeller

- -ONAALNNNNY

LDLR type A (LA) domain
® EGF-like domain
VPS10 domain
@ FN3 domain
% NPxY motif
= PPPSP motif

LRP4 APOER2 LDLR VLDLR LRP9 | LRP5 LRP6 Arrow
SORL1| LR3
LR11 LRP7

receptor) and APOER2 (apolipoprotein E receptor 2, also called LRP8) have established signaling roles by acting as réice stecssfied
signaling molecule Reelin. Other members of the LDLR family participate in lipoprotein/cholesterol uptake, steroid horrkenesgptation
of cell surface protease activity and?Chomeostasis, or are less characterized (reviewed by Herz and Bock, 2002). Many members have

multiple names. The commonly used names are listed in bold.
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Dominant o .
Fig. 3.Schematic diagram of various Arrow/Lrp5/Lrpt negative Constitutive active
mutant proteins and their signaling properties. The w T 1T 1
type Lrp5/Lrp6 is depicted on the left. Black bars intl  Lrp5/Lip6 LrpSN
intracellular domain represent PPPSP motifs. AP6 )
(without most of the intracellular domain), Lrp5N Dfz2-Arr[intra]
(secreted extracellular domain) and Lrpémb5 (alanine ArrowAN
substitution of the S/T residue in all five PPP[S/T]P Lrp5/Lp6AN
motifs) are dominant-negative reagents that can bloc
canonical Wnt signaling. The following receptor mute ﬁ !

Extracellular

are constitutively active, i.e. they can actiateatenin

signaling in the absence of Wnt: (1) Arrow/Lrp5/LA)6 Lp6AC LDLRAN
(without the extracellular domain but anchored on the PPPSP
membrane); (2) myristoylated Lrp5C (intracellular Lrp6m5 Myristylated
domain anchored to the plasma membrane via a forr Lrp5C

lipid modification); (3) a single PPPSP motif linked tc L I 1

truncated LDLR; and (4) Dfz2-Arr[intra], which is a Tested in Xenopus and/or Tested in

fusion of the Arrow intracellular domain with the Dfzz mammalian cells Drosophila
carboxyl-terminal tail. The Lrp5/Lrp6 intracellular

domain that is not anchored to the plasma membrane is inactive. For reasons unclear at the moment, the Arrow intracielld&sigioecto
anchor to the plasma membrane via myristoylation is inactive in fly embryos, although its protein expression has not bedr{ Eteuiniski
et al., 2003).

Intracellular

of the 19 Wnts and 10 Fzs engage Lrp5/Lrp6-dependermvolved in binding Arrow/Lrp5 has only been mapped via the

Whnt/B-catenin signaling. yeast two-hybrid assay and remains poorly defined (Fig. 4).
_ o The DIX domain of Axin is necessary, but not sufficient, for

Mechanisms of Arrow/Lrp5/Lrp6 signaling the Axin-Arrow/Lrp5 interaction, whereas the RGS domain

Arrow/Lrp5/Lrp6 have a key signaling role may be inhibitory to it (Mao et al., 2001b; Tolwinski et al.,

Given that Wnig-catenin signaling requires both Fz and2003).

Arrow/Lrp5/Lrp6, an obvious question to ask is what role do ) ) o

these two distinct receptors play in Wnt signal transduction? Arp6é phosphorylation and LRP-Axin association

mutant Lrp6 protein lacking the intracellular domain isWnt stimulation of mammalian cells induces the Lrp5-Axin
completely inactive, and in fact blocks Wnt and Fz signalingassociation within minutes (Mao et al., 2001b)Diosophila

in a dominant-negative fashion (Tamai et al., 2000) (Fig. 3)embryos, Axin-GFP is recruited to the plasma membrane only
Conversely, mutant Arrow/Lrp5/Lrp6 proteins that lack thein Wg-responsive cells, and this may occur through Arrow,
extracellular domain (but are anchored on the membraned/though direct evidence is lacking (Cliffe et al., 2003). How
referred to here as Arrow/Lrp5/Lra8l (Fig. 3), activatel-  does Wnt promote the Arrow/Lrp5-Axin interaction?

catenin signaling constitutively in mammalian cells (Mao et al., A recent study discovered that a PPP(S/T)P motif, which is
2001a; Mao et al., 2001b; Liu et al., 2003) andXanopus reiterated five times in Arrow/Lrp5/Lrp6 intracellular domains
embryos (Tamai et al., 2004), suggesting that Arrow/Lrp5/Lrp§Box 3, see Fig. S1), is the minimal module that is necessary
have a signaling capacity that is normally suppressed by tlend sufficient for Lrp6 signaling function in mammalian cells
extracellular domain. The Lrp5 intracellular domain anchorednd Xenopusembryos (Tamai et al., 2004). When a single
to the plasma membrane via myristylation (a covalent lipidPPPSP motif is transferred artificially to a truncated LDLR
modification that targets proteins to the plasma membrane) gotein (which has no role in W@ttatenin signaling) it
also constitutively active (Fig. 3) (Mao et al., 2001b). Thuspecomes phosphorylated and can fully activate Bveatenin
Arrow/Lrp5/Lrp6 is a key signaling receptor for the Wit/ signaling (Tamai et al., 2004) (Fig. 3). Importantly, Axin

catenin pathway. preferentially binds to the phosphorylated PPPSP motif, whose
) ) phosphorylation in Lrp6 is rapidly induced by Wnt (Tamai et
Arrow/Lrp5/Lrp6 bind Axin al., 2004). It was thus proposed that Wnt activates Lrp6

An important insight into the function of Lrp5 came from thesignaling by inducing Lrp6 phosphorylation at the PPP(S/T)P
finding that the Lrp5 intracellular domain binds Axin in both motifs, which serve as inducible docking sites for Axin,
yeast two-hybrid and co-IP assays (Mao et al., 2001b), ahereby recruiting Axin to the plasma membrane (Fig. 5). This
observation that has been extended to Arrow (Tolwinski et almodel is also likely to apply to Arrow and Lrp5, which
2003) and Lrp6 (Liu et al., 2003; Tamai et al., 2004). Asshare conserved PPP(S/T)P motifs (see Fig. S1 at
mentioned previously, Axin is a scaffolding protein thathttp://dev.biologists.org/supplemental/). The phosphorylation-
contains binding sites for Apd3-catenin, Gsk3, Ckl and dependent activation of Lrp6 and its inducible recruitment of
possibly other proteins (Polakis, 2002; Kikuchi, 1999) (Fig. 4) Axin is reminiscent of other types of transmembrane signaling,
Axin nucleates this Axin complex, resulting Prcatenin  such as that by tyrosine kinase receptors and cytokine receptors
phosphorylation and degradation (Fig. 1). Thus, the bindingPawson and Scott, 1997).

between the Arrow/Lrp5/Lrp6 intracellular domain and Axin  These results suggest the existence of at least two
permits the Wnt co-receptors to directly contfstatenin  unidentified components that control Wnt activation of
phosphorylation and degradation. The domain of AxinArrow/Lrp5/Lrp6: a kinase that phosphorylates the PPPSP
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Fig. 4. Schematic diagram of Axin, showing its Gsk3/

binding sites for various interacting proteins, Apc Diversin P-cat - CKla/PP2A Dvl

including Arrow/Lrp5. How Axin binds to I 1 I I I I ol
Arrow/Lrp5 was mapped only via yeast two-hybri  Axin | [ RGS |

assays and is not well defined. Axin-Lrp6 binding Arrow/
has not been mapped. Known binding sites for e . | Lrp5
various Axin-binding proteins are depicted with ?

square brackets on top. For Axin-Arrow/Lrp5

binding, the DIX domain and possibly the domains preceding it appear to be required (marked by the green line), wheredeni@RGS
may be inhibitory (marked by the red line) (Mao et al., 2001b; Tolwinski et al., 2003). The broken green or red line timali¢thtedomain
boundary has not been defined by mapping. The question mark indicates some ambiguity/inconsistency of the two mapping studies.

motif and a phosphatase that dephosphorylates it. As Wnt It is also possible that Arrow/Lrp5/Lrp6 binding inhibits the
induces Lrp6 phosphorylation (Tamai et al., 2004), Wnt mayctivity of the Axin complex, by altering its component
activate the PPPSP kinase or inhibit the PPPSP phosphatasemposition. This may be important in the early phase of Wnt
Alternatively, Wnt may regulate the access of Lrp6 to thisignaling when Axin degradation is insignificant. In any event,
kinase or phosphatase, perhaps by inducing a ‘conformationahe should keep in mind that, in mammalian cells, B¢/nt/
change’ in Lrp6. Indeed, a recent study suggests that thletenin signaling induces the expression of an Axin homolog,
oligomerization of Lrp6 may keep Lrp6 in an inactive state Axin2 (also known as Axil/Conductin) (Behrens et al., 1998;
and Wnt binding to Lrp6 may induce a conformational chang&amamoto et al., 1998; Yan et al., 2001; Jho et al., 2002; Leung

that activates the Lrp6 oligomer (Liu et al., 2003). et al., 2002; Lustig et al., 2002). Thus, a reduction in the Axin
o protein level is likely to be accompanied by an increase in the
Gsk3 and Lrp5/Lrp6-Axin binding level of Axin2 during Wnt signaling, thereby complicating the

In mammalian cells, Gsk3 overexpression enhances th&xin degradation scenario. How Arrow/Lrp5/Lrp6 promotes
Lrp5/Lrp6-Axin interaction in co-IP experiments (Mao et al., Axin degradation or inhibits Axin function is unknown, but
2001b; Liu et al., 2003). This finding is puzzling as Gsk3their recruitment of Axin to near the plasma membrane appears
antagonizes Wrttcatenin signaling. IrDrosophila mutant  essential. Indeed, the Lrp5 intracellular domain, although
embryos lackingGsk3/zw3 Wg recruitment of Axin to the capable of binding Axin, is incapable of signaling in
plasma membrane and Wg signaling to Axin can occur (Cliffenammalian cells unless it is anchored to the plasma membrane
et al., 2003; Tolwinski et al., 2003), implying that the Arrow-(Mao et al., 2001b).

Axin association is not defective in the absence of Gsk3. Then )

why does Gsk3 overexpression enhance Lrp5/Lrp6-Axir-z and Dishevelled: an unresolved mystery

interaction in mammalian cells? One possibility may be tha©verexpression of Arrow/Lrp5/LrgN, or even a single
Lrp5/Lrp6 signaling destabilizes Axin (see below), wherea®®PPSP motif (tethered to the LDLR; Fig. 3), constitutively
Gsk3 can phosphorylate and stabilize Axin (Willert et al.activates thg-catenin pathway (Mao et al., 2001a; Mao et al.,
1999; Yamamoto et al., 1999). An increase in the level of Axir2001b; Liu et al., 2003; Tamai et al., 2004), probably in a Wnt-
following Gsk3 overexpression may explain ‘enhanced’and Fz-independent manner. However, this is difficult to verify
Lrp5/Lrp6-Axin binding. Another possibility is that Lrp5/Lrp6 as a cell completely lacking Fz proteins may not exist. Wnt and
preferentially interact with Axin phosphorylated by or Fz might normally function to activate the signaling activity of
complexed with Gsk3 (Mao et al., 2001b). Additional Arrow/Lrp5/Lrp6. Given the activated nature of the truncated
explanations may include that Gsk3 overexpression mimick&rrow/Lrp5/Lrp6AN, a scenario in which Wnt/Fz induces

the action of the PPPSP kinase. post-translational cleavage of Arrow/Lrp5/Lrp6 is attractive yet
o lacks experimental evidence. If Arrow/Lrp5/Lrp6 were to be
Consequences of Arrow/Lrp5/Lrp6-Axin binding activated in this way, the cleavage would have to occur

How does Arrow/Lrp5/Lrp6 activation and binding to Axin extracellularly because an Lrp5/Lrp6 intracellular domain that
initiate B-catenin signaling? One possibility is that is not anchored to the membrane is inactive (Mao et al., 2001b).
Arrow/Lrp5/Lrp6 binding to Axin promotes Axin degradation.  Fz function remains a mystery. Fz is thought to have a
Indeed, Wnt stimulation (Willert et al., 1999; Yamamoto et al. signaling role because its intracellular regions are required for
1999), Wg overexpression (Tolwinski et al., 2003), andNnt/3-catenin signaling (Umbhauer et al., 2000). Fz proteins
Lrp5AN overexpression (Mao et al., 2001b), all induce Axinalso play a key part if8-catenin-independent signaling, such
degradation in mammalian arrosophila cells (see also as in the PCP pathway, in €#KC (protein kinase C)
Cliffe et al., 2003). These studies demonstrated reductions gignaling, and perhaps in other pathways (Adler, 2002; Strutt,
Axin protein level after 2-4 hours of Wnt stimulation (or longer2003; Veeman et al., 2003). Although some Fz functions, such
when transfection or transgenic experiments are involvedpas PKC activation, can be blocked by pharmacological
However, B-catenin stabilization is detectable within 30 inhibitors of the trimeric G proteins, whether Fz function
minutes of Wnt stimulation and can thus occur before aduring Wntf3-catenin signaling relies on G proteins remains
obvious reduction in levels of Axin (Willert et al., 1999). Onedebatable (reviewed by Malbon et al., 2001). A protein that is
explanation, according to a recent theoretical and experimentadquired for most, if not all, Fz functions is Dishevelled (Dsh
analysis (Lee et al., 2003), is that a slight decrease in Axiim DrosophilaandXenopusand Dvl1-3 in mammals), another
protein level may have a significant effect @ncatenin  mysterious protein that is genetically defined downstream of
phosphorylation and degradation. Fz in both Wnt-catenin and PCP pathways (Boutros and
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Mlodzik, 1999), and that may also be required for Fz activatiol A
of PKC (Sheldahl et al., 2003). Dsh/Dvl is a modular
scaffolding protein that contains a DIX domain (which alsc
exists in Axin), a PDZ domain (a domain discovered $DP
Discs-large, and @1 proteins) and a DEP domain (a domain
discovered in_Ixhevelled,_gl-10, and_Reckstrin proteins)
(Boutros and Mlodzik, 1999; Wharton, 2003). Dsh/Dvl is
recruited to the plasma membrane upon overexpression of
number of different Fz proteins (Axelrod et al., 1998; Boutros
et al., 2000; Rothbacher et al., 2000; Umbhauer et al., 200(
and may bind directly to the Fz carboxyl-terminal region vis
the PDZ domain (Chen et al.,, 2003; Wong et al., 2003)
However, Fz recruitment of Dsh/Dvl to the plasma membran
does not correlate fully with the activation of Whtatenin
signaling (Axelrod et al., 1998; Rothbacher et al., 2000
Umbhauer et al.,, 2000), and Dsh is not localized near tr ®
plasma membrane in Wg-responsive cells in fly embryo
(Axelrod et al., 1998; Axelrod, 2001; Cliffe et al., 2003).
Thus, it remains unclear how Fz and Dsh/Dvl fit into the
scenario in which Arrow/Lrp5/Lrp6 binding to Axin initiates
[-catenin signaling. Three models can be proposed. Ds
appears to be epistatic to, or downstream of, Arrow, becau:
Dsh overexpression activatg¢scatenin signaling inarrow
mutants (Webhrli et al., 2000) and the constitutively active Dfz2
Arrow fusion protein is inactive idsh mutants (Tolwinski et
al., 2003). In addition, Dsh/Dvl can associate with and inhibi
Axin (Fagotto et al., 1999; Kishida et al., 1999b; Li et al., 1999
Smalley et al., 1999; Salic et al., 2000). Therefore, on
scenario, referred to here as the ‘co-recruitment’ model, is th.
Fz and Arrow/Lrp5/Lrp6 recruit Dsh/Dvl and Axin into the co-
receptor complex, respectively, thereby bringing Dsh/Dvl ant
Axin into proximity for effective Axin inhibition or
degradation (Fig. 5A). However, a lack of correlation betweel
Dsh/Dvl plasma membrane localization and Wg/Wnt signaling
poses difficulties for this model, although it is possible that «
small fraction of Dvl/Dsh recruited to the membrane, albeili:ig. 5. Three models of how Fz and Dsh/Dvl may function in

undetectable, is sufficient for signaling. This model impliesgjation to Arrow/Lrp5/Lrp6-Axin interaction. In all three models,

that DvI/Dsh has a key role_|n Axm inhibition or degradatlon,wm_induced Arrow/Lrp5/Lrp6 phopshorylation on the PPP(S/T)P
and could account for the finding that overexpression of Dsotifs provides docking sites for Axin. (A) The co-recruitment
activatesf3-catenin signaling imarrow mutant flies (i.e. via model. Wnt-induced Fz-Lrp5/Lrp6 complex co-recruits Dvl and
inhibiting or degrading Axin in the cytoplasm). Axin into the co-receptor complex via Fz-Dvl and Lrp5/Lrp6-Axin

The second scenario, referred to here as the ‘vesicléteractions. This proximity of Dvl and Axin, which can interact with
transport’ model (Cliffe et al., 2003) (Fig. 5B), is based on th&ach other, causes functional inhibition or degradation of Axin by
observations that Dsh/Dvl and Axin, upon overexpression, argvl, either directly or via Dvl-associated proteins. (B) The ves_lcle
co-localized in intracellular ‘dots’ that may representganlf'.poIrt TOd.EI'AAX'n i Sgljlt_ﬂeg to “Ee Flasrg_atmdefnbranel‘ olts
‘vesicles’ (Axelrod et al., 1998; Fagotto et al., 1999; Kishidatrgflsmg sites In Arow/Lrps/Lrp6 via Dvi-mediated vesicular-type

) . A port, which relies on the ability of Dvl to bind Axin and

etal., 1999; Smalley et al., 1999; Axelrod, 2001; Cliffe et al. nospholipidsivesicles. In this and the above co-recruitment model,
2003), and that Axin recruitment to the plasma membrangsn/byl is downstream of and required for Arrow/Lrp5/Lrp6
requires Dsh (Cliffe et al., 2003). This model proposes thatinction. (C) The parallel signaling model. Fz-Dvl-Axin and
Dsh/Dvl, through association with vesicles and Axin, shuttle®rrow/Lrp5/Lrp6-Axin are two parallel and independent branches.
Axin to the plasma membrane, where it becomes associatédtivation of B-catenin signaling requires both branches under
with Arrow/Lrp5/Lrp6. This view is consistent with the physiological conditions, but can occur when either branch is
observation that the Dvl DIX domain, which is essential foroveractivated, for example, following overexpression of Dvl or
Dsh/Dvl  function in P-catenin signaling, harbors Arrow/Lrp5/Lrp6AN. This model accounts for the possibility that

phospholipid-binding ~ activity and mediates vesicIeDSh/DV| may not be required for overexpressed Arrow/Lrp5/Lrp6 to

association (Capelluto et al., 2002), but it does not easil"i}cuva‘teﬁ'Catenln signaling.

explain how, inDrosophilg Dsh overexpression activatBs
catenin signaling irmrrow mutants.

The third scenario, which perhaps can be referred to ashawanches: overactivation of either branch is sufficient to
‘parallel signaling’ model (Fig. 5C), implies that Fz-Dsh/Dvl- activate-catenin signaling, whereas simultaneous activation
Axin and Arrow/Lrp5/Lrp6-Axin represent two parallel of both is required under physiological conditions. This model,

Arrow/Lrp5/Lrp6

Arrow/Lrp5/Lrp6
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which can explain why Dsh overexpression bypasses Arrowignaling (Glinka et al., 1998). Genetic analysisDidk 1/~
function, is based on observations that Lrp5/Ad&ignaling  mice, which lack head formation, is consistent with this view
does not seem to be affected by depletion of Dvl/Dsh protein®lukhopadhyay et al., 2001). Distinct from several families of
in mammalian androsophila cells [from short interfering secreted Wnt antagonists that bind Wnts, including the sFRP
RNA (siRNA) or RNA interference (RNAI) experiments] (Li (secreted Frizzled-related protein) family, Wifl (Wnt
et al., 2002; Schweizer and Varmus, 2003). These observatiomhibitory factor 1) andXenopusCerberus (Semenov and He,
apparently contradict the finding Drosophilaembryos that 2003), Dkk1 does not bind Wnt but is a high affinity ligand for
signaling by the constitutively active Dfz2-Arrow fusion Lrp6 (Kg=0.3-0.5 nM) and Lrp5 (Bafico et al., 2001; Mao et
protein (Fig. 3) requires Dsh (Tolwinski et al., 2003), althougtal., 2001a; Semenov et al.,, 2001). Dkk1 disrupts the Fz-
it is possible that the mechanisms by which Lrp5/IMdg@and  Lrp5/Lrp6 complex formation induced by Wntl in vitro
the Dfz2-Arrow fusion protein become constitutively active(Semenov et al.,, 2001), suggesting that Dkk1 inhibits Wnt
may be different. However, depletion of the three Dvl proteinsignaling by preventing Fz-Lrp5/Lrp6 complex formation. The
or Dsh through siRNA/RNAI is unlikely to be complete, Dkk1-Lrp5/Lrp6 antagonistic relationship is supported by
rendering the interpretation less straightforward. Whethemouse genetic studies (MacDonald et al., 2004). Thus,
ArrowAN, which is constitutively active in mammalian cells reducing the dosage of Lrp5 or Lrp6 can significantly rescue
and Xenopusembryos (Tamai et al., 2004), can activBte phenotypes associated with a loss of Dkk1 function, and vise
catenin signaling imlshmutant flies will be a key test. Given versa. For example, whil®kkl’— mutant mice lack head
the possible Fz-Lrp5/Lrp6 and Dsh/DvI-Axin interactions,formation and die during embryogenesiBkk1’— Lrp6*-
these two parallel branches, if they exist, may nonethelessice have extensive head development and can survive to
operate in physical proximity. postnatal stages (MacDonald et al., 2004).

Finally, because Wnt activates Lrp6 signaling by inducing By inhibiting Lrp5/Lrp6, Dkkl appears to be a specific
Lrp6 phosphorylation at the PPP(S/T)P motif (Tamai et al.antagonist for Wnf-catenin signaling (Semenov et al., 2001),
2004), it could be possible that Fz/Dsh signaling acts bgnd is thus distinct from sFRPs, Wifl and Cerberus, which
activating or recruiting the PPPSP kinase to phosphorylatmay antagonize multiple Wnt pathways (Semenov and He,
Lrp6. We consider this scenario to be less likely as DsR003). Of the two conserved cysteine-rich domains of Dkk1
overexpression can activglecatenin signaling in the absence (see Fig. S2 at http://dev.biologists.org/supplemental/), the

of Arrow function (Wehrli et al., 2000). carboxyl one is essential for its binding to Lrp6 and its
o o antagonization of Wnt signaling, whereas the amino terminal
Wnt/B-catenin signaling in worms one may exert some undefined regulatory roles (Brott and

Wnt signaling is essential for many aspects of nematod®okol, 2002; Li et al.,, 2002; Mao and Niehrs, 2003). Dkk1
development. However, some Wnt pathways in worms armay interact with a region encompassing the third and fourth
organized differently to those iDrosophilaand vertebrates YWTD (-propeller-EGF-like domains of Lrp6, which is
(Korswagen, 2002). Nonetheless, a canonical Bv¥eaitenin  distinct from the Wnt-binding region (Mao et al., 2001a;
signaling pathway controlling neuronal migration wasltasaki et al., 2003) (Fig. 6).

discovered in worms that involves Wnt, Fz, Dsh, Axin, Apc, In Xenopusand mammals, the Dkk family includes Dkk1,
Gsk3 and3-catenin in a similar way as in flies and vertebrateDkk2, Dkk3 and Dkk4 (see Fig. S2 at http://dev.biologists.org/
(Korswagen et al, 2002). Perplexingly however, nosupplemental/), which exhibit distinct and dynamic expression
Arrow/Lrp5/Lrp6 homologs have been identified in the wormpatterns (Glinka et al., 1998; Monaghan et al., 1999) and may
genome, although other Lrp genes (such as Lrpl) exist. Thive distinct properties. Dkk1 and Dkk4 are antagonists for
either a functional homolog of Arrow/Lrp5/Lrp6 has yet to beWnt signaling (Krupnik et al., 1999; Brott and Sokol, 2002;
discovered, or nematodes use other means for Wnt/Fz/Dsh Mao and Niehrs, 2003), whereas Dkk2 can, paradoxically,
activate [-catenin  signaling in the absence ofinhibit or activate (albeit weakly)p-catenin signaling,
Arrow/Lrp5/Lrp6-Axin interaction. This latter possibility depending on the experimental assays employed (Wu et al.,
shares some resemblance to the ‘parallel signaling’ mod@000; Brott and Sokol, 2002; Li et al., 2002). Whether Dkk2

discussed above. can function as a Wnt agonist in vivo remains to be seen. Dkk3
. neither binds Lrp5 or Lrp6, nor affects Wnt signaling (Krupnik
Regulation of Arrow/Lrp5/Lrp6 et al., 1999; Mao and Niehrs, 2003).

Dickkopf and Wise

Lrp5/Lrp6  are subjected to modulation by secreted<rémen: a DKk co-receptor?

antagonistic/modulatory ligands in vertebrates and by othdPkkl also binds to vertebrate Kremen (Krm) 1 and Krm2, two
types of regulations (Box 4). Two families of such ligands havéelated single-pass transmembrane proteins (Mao et al., 2002)
been identified: the Dickkopf (Dkk) family and the Wise (see Fig. S2 at http:/dev.biologists.org/supplemental/). In
family, which antagonize Wrifcatenin signaling through Mmammalian cells, either Krm1 or Krm2 can cooperate with
interactions with Lrp5/Lrp6. Dkk and Wise homologs have nofkk1 in the inhibition of Wnt-Fz-Lrp6 function (Mao et al.,

been found in invertebrate genomes. 2002). Drosophila has no Dkk or Krm homologs, although
) ectopic expression of vertebrddkl and Krm2 together, but
The Dkk family not either of these genes alone, results in inhibition of Wg

Wnt signaling is required for posterior patterning insignaling (Mao et al., 2002). In addition, antisense knockdown
vertebrates; thus, inhibition of Wnt signaling permits anterioof both Krml and Krm2 (but not either individually) in

development (Niehrs, 1999%enopudkkl was isolated as a Xenopusresults in deficient head development, similar to
head-inducing molecule and behaves as an antagonist for Wgttenotypes of embryos with no or reduced Dkk1 function
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Fig. 6. Schematic representation of WNT
possible LRP6 domains involved in Wnt WISE
Dkk and Wise binding, and of LRP5 SOST? DKK1

1613aa

1
|B-propeller| | B-propeller | [ RN

mutations in human diseases. (Top) LR -

Domains involved in Wnt, Wise and Dkk LRP©6 &3B-propeller| |B-propeller|
binding have only been mapped for LRF

and are marked. Whether SOST binds

LRP5/LRP6 is unknown. (Bottom) LRPE 1615aa
mutations associated with osteoporosis N m 3 5

bseudoglioma (OPPG) syndrome, (W=3=1= B-propeller| |B-propeller| |B-propeller| | B-propeller| |FF 1 GG
autosomal-dominant familial exudative totttn bt [ ! Pt

v[treoretlnopathy (FI_EVR), and various _ Wiox RA28% D718 %0853 % E12701

high bone density diseases are shown i D490fs V667M

red, purple and green, respectively. Arrc R494Q

indicate mutation locations. *, nonsense R570W OPPG mutations
mutation; fs, frame-shift mutation. OPP( T173M Y1168H K1374fs

is autosomal recessive, and the nine E1270fs T1449fs”
mutations indicated are from homozygo c13616
offspring of consanguineous families FEVR mutations
(Gong et al., 2001). FEVR discussed he D111Y

is an autosomal-dominant form, possibl G171V G171R

due to haploinsufficiency. Whether the ﬁg}é\T/ AZ14T High bone density
three OPPG and three FEVR missense 2531 syndrome mutations
mutations (italicized) are loss-of-functiol

mutations remains to be tested. T1449f: B YWD B-propeller B EGF-like domain [ LA domain

in FEVR should be treated as hypothetical

because the mutation occurs at a splice donor site in an intron. Note that the mutations associated with high boneagessityhilcbeare
autosomal dominant because of probable ‘gain of function’, are all missense mutations and are clustered in the fBgpré@énBer domain.
SP, signal peptide; TM, transmembrane domain.

(Davidson et al., 2002). Thus, Krm1 and Krm2 appear to havgrotein Cerberus, which antagonizes signaling by Wnt, BMP
redundant roles in Dkk1 function. Because Dkk1 can stimulatand Nodal (Piccolo et al., 1999).

Lrp6 internalization upon Krm2 overexpression (Mao et al., ) ]

2002), it was proposed that Dkk1, by binding both Lrp6 and-RP5 in human diseases

Krm, induces Lrp6 internalization from the cell surface,Bone density disorders

thereby attenuating Wnt signaling. Perplexingly however, thyNT signaling is not only essential for embryogenesis, but also
Krm intracellular domain is neither conserved nor required fofor postnatal development and tissue homeostasis. This is
any of these functions (Mao et al., 2002), which raises thglustrated by LRP5 mutations that underlie familial
question of how can Krm have a key function in Lrp6gsteoporosis, high bone density syndromes and ocular disorders
internalization? This internalization model is different, (Gong et al., 2001; Boyden et al., 2002; Little et al., 2002).
although not mutually exclusive, from a model in which Dkk1Children with autosomal-recessive osteoporosis-pseudoglioma
functions by preventing Fz-Lrp6 complex formation (Semenowsyndrome (OPPG) have low bone mass and are prone to bone

etal., 2001). fractures (Gong et al., 2001). Most of these children suffer a
) ) loss of LRP5 function due to nonsense or frame-shift mutations
The Wise family in the LRP5 extracellular domain (Gong et al., 2001) (Fig. 6).

Wise was identified irKenopusembryo assays as a secretedRemarkably, several groups of autosomal-dominant bone
molecule with dual properties somewhat similar to Dkk2. Wisalisorders, characterized by high bone density traits, are also
is an antagonist for XwntB{catenin signaling, but on its own associated with LRP5 mutations, which are missense in nature
can weakly activat@-catenin signaling (Itasaki et al., 2003). and clustered in the fir§-propeller region of LRP5 (Boyden
Wise binds to the Lrp6 extracellular domain in co-IPet al., 2002; Little et al., 2002; Van Wesenbeeck et al., 2003)
experiments, in particular to the first two YWTpropeller-  (Fig. 6). This is reflected in mickrp5~—mice exhibit low bone
EGF-like domains (Fig. 6), the same region that Wnt appeadensity and frequent bone fractures reminiscent of OPPG
to bind, and can compete with Xwnt8 for Lrp6 binding (Iltasakipatients (Kato et al., 2002), and transgenic mice expressing
et al.,, 2003). Wise belongs to a large family of secretelRP5 (G171V), a mutation from high bone density patients,
‘cysteine-knot’ domain-containing proteins (see Fig. S2 abhad increased bone mass (Babij et al., 2003). Thus, loss-of-
http://dev.biologists.org/supplemental/), which includefunction mutations of LRP5 lead to low bone densities whereas
members that bind and antagonize BMPs (bone morphogenetgain-of-function’ mutations cause high bone mass. These
proteins) (Hsu et al., 1998; Pearce et al., 1999; Piccolo et attudies identify LRP5 as a central player and an ideal
1999). Indeed, Wise was also isolated as a BMP inhibitotherapeutic target in bone mass regulation and in associated
(Laurikkala et al., 2003). Thus, Wise appears to be a multdiseases such as osteoporosis (Patel and Karsenty, 2002).
functional inhibitor for both Wn-catenin and BMP Nevertheless, several key issues remain unresolved:

signaling. This property is somewhat similar to Xenopus (1) Does WNT signaling regulate bone mass during



Box 4. Regulation of Arrow/Lrp5/Lrp6 expression and
membrane trafficking

In Drosophila arrow expression, like that obfz1l and Dfz2
(Bhanot et al., 1996; Cadigan et al., 1998; Muller et al., 199
is itself inhibited by Wg signaling (Webhrli et al., 2000), althoug
the significance of this regulation is unclear. In mou
osteoblasts, Bmp signaling enhandap5 and Lrp6 mRNA

expression (Gong et al.,, 2001). Thus Wnt signaling can
modulated by extracellular stimuli that regulatep5/Lrp6

Jh
se autosomal-recessive bone disorder characterized by skeletal
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domain, which appears to be involved in binding to WNT but
not DKK (Fig. 6). Third, it remains unknown whether G171V
and other high bone density LRP5 mutations, which are in
different blades of the propeller, affect LRP5 activity by the
9), same mechanism.
It is of interest to discuss here sclerosteosis, another rare

overgrowth and high bone density. Sclerosterosis is a
€ progressive bone dysplasia associated with loss-of-function

expression.

mutations of a secreted protein referred to as SOST (Balemans

et al., 2001; Brunkow et al., 2001). Intriguingly, SOST is most
related to WISE (38% identical; see Fig. S2 at
nes http://dev.biologists.org/supplemental/), which antagonizes
uli LRP®6 via binding to the region containing the first and second
YWTD [-propeller domains (Fig. 6) (Itasaki et al., 2003).
eas Although SOST, like Wise, can also bind and antagonize BMP
(Laurikkala et al., 2003; Kusu et al., 2003), it is tempting to
speculate that SOST binds and antagonizes LRP5 in bone
growth regulation, and that LRP5 mutations associated with
high bone densities prevent/reduce SOST-LRP5 interaction.

m

In order for Arrow/Lrp5/Lrp6 maturation and trafficking to th
plasma membrane where they function, Br@sophila Boca
protein and its mouse homolog Mesd, which are chaperg
residing in the endoplasmic reticulum (ER), are required (C
and Mann, 2003; Hsieh et al., 2008oca mutants exhibit
phenotypes associated with loss of Wg signaling, wher
Mesd’™~ mice phenotypically resemblg/nt3’~ mutants and
Lrp5= Lrp6~'- double mutants. IrDrosophila cells lacking
Boca function, and in mammalian cells overexpressi
Lrp5/Lrp6, Arrow/Lrp5/Lrp6 are mostly misfolded in the ER and
exhibit inappropriate disulfide bond formation (these results
serve as a cautionary reminder when overexpressed Lrp5/Lrp6

. : ; - Ocular disorders
is being studied). Mesd and Lrp5/Lrp6 co-expression enables ) . .
most Lrp5/Lrp6 proteins to fold correctly and reach the cell OPPG patients also suffer, in addition to low bone mass, from

surface. Boca and Mesd are thus chaperones specific| for Severe disruption of ocular structures due to a failure of
Arrow/Lrp5/Lrp6 (and some other LDLR proteins) (Culi an regression of the primary vitreal vasculature (the temporary
Mann, 2003; Hsieh et al., 2003). capillary networks that normally regress during development)
(Gong et al., 2001). This phenotype is recapitulatedps—/-
mice, possibly because of a lack of capillary endothelial
apoptosis in the eye (Kato et al., 2002). This may be due to
development? LRP5 is required for the proliferation ofdefects in ocular macrophages, which express Lrp5 and are
osteoblasts (Gong et al., 2001; Kato et al.,, 2002), and magquired for the induction of capillary cell death (Kato et al.,
inhibit osteoblast apoptosis (Babij et al., 2003). \B4egtenin ~ 2002).
signaling can promote mouse osteoblastic development in vitro Another hereditary ocular disorder, the autosomal-dominant
(Gong et al., 2001), and several Wnt genes, inclutimgl,  form of familial exudative vitreoretinopathy (FEVR), which
are expressed during bone accrual (Kato et al., 2002 characterized by the premature arrest of retinal
Therefore, LRP5 probably mediates WNT signaling in bonengiogenesis/vasculogenesis, is also associated MRS
mass regulation, but whether LRP5 mediates other types afutations (Toomes et al., 2004). Loss-of-function mutations in
extracellular signals during bone growth has not beeonelLRP5chromosomal copy are associated with this disease
determined. (Fig. 6), presumably due to haploinsufficiency (Toomes et al.,
(2) Does LRP6 regulate bone mass? As discussed earli@)04). These patients, like the obligate OPPG carriers (parents
LRP6 is the more crucial WNT co-receptor and sharesf OPPG patients) (Gong et al., 2001), also exhibit low bone
significant overlapping function with LRP5 during mass (Toomes et al., 2004). Interestingly, some autosomal-
embryogenesis (Kelly et al., 2004). It is therefore somewhalominant FEVR families harbor loss-of-function mutations in
surprising that even heterozygosity of LRP5 reduces borthe frizzled 4 FZD4) gene (Robitaille et al., 2002), which, like
density in mice and men (Gong et al., 2001; Kato et al., 2002),RP5 is located in the chromosomal 1113 region. Therefore,
and that LRP6 does not compensate for this LRP5 functiofsEVR is associated with a deficiency in either LRP5 or FZD4
However, it is possible that LRP6 is not expressed irfunction, providing genetic evidence outsiDeosophilathat
osteoblasts during postnatal stages, or that the ligand for boh®P5 and FZD cooperate in the same signaling pathway. In
accrual binds preferentially to LRP5. summary, LRP5 (and FZD) function is important for multiple
(3) How do LRP5 mutations associated with high bonestages of retinal angiogenesis and associated diseases,
density traits, such as G171V, cause LRP5 hyperactivation? presumably because it mediates signaling by a WNT (or non-
study in mammalian cells suggested that the G171V mutatio?/NT) ligand.
does not affect WNT-LRP5 signaling, but instead prevents ]
DKK1 inhibition of WNT-LRP5 signaling (Boyden et al., Cholesterol and glucose metabolism
2002), implying that loss of DKK inhibition of LRP5 may LRP5 is also involved in lipid metabolism. LRP5 binds
underlie increased LRP5 signaling and high bone densities. @&polipoprotein E (APOE), arldRP5expression is upregulated
few caveats remain. First, whether DKK1 or any other DKK isn the liver ofLdIr~-mice (Kim et al., 1998). Indeetyp5/-
expressed during bone accrual has not yet been examinexice fed on a high-fat diet exhibit increased plasma cholesterol
Second, whether LRP5 high bone density mutations affed¢vels relative to normal mice (Fujino et al., 2003), and mutants
WNT or DKK binding has not been examined. Thesefor both ApoE and Lrp5 (ApoE’ Lrp57) show
mutations are all clustered in the first YWTBpropeller hypercholesterolemia, impaired fat tolerance and advanced

ng
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atherosclerosis (Magoori et al., 2003). The role of LRP5 in Lacza, C., Wuyts, W., Van Den Ende, J., Willems, P. et a(2001).
cholesterol metabolism appears analogous to the classicalncreased bone density in sclerosteosis is due to the deficiency of a novel

; ; ; i secreted protein (SOSTHium. Mol. Genetl0, 537-543.
LDLR function and is probably WNT independent (Magoori Behrens, J., Jerchow, B. A., Wurtele, M., Grimm, J., Asbrand, C., Wirtz,

et al., 2003). R., Kuhl, M., Wedlich, D. and Birchmeier, W. (1998). Functional
. interaction of an axin homolog, conductin, with beta-catenin, APC, and
Concluding remarks GSK3betaScience280, 596-599.

Although the role of Arrow/Lrp5/Lrp6 in Wrftcatenin  Belenkaya T-JY(Z(')*OaZr;' ¢, Standiey, H. J., Lin, X, Houston, D. W. and

. . . : . : easman, J. . pygopus encodes a nuclear protein essential for
signaling during development is established, the underlying wingless/Wnt signalingDevelopment 29, 4089-4101.

molecular meCha_msm remains relatively poorly d_efmechanot, P., Brink, M., Samos, C. H., Hsieh, J. C., Wang, Y., Macke, J. P,
Unresolved questions concern how Wnt molecules interact, Andrew, D., Nathans, J. and Nusse, R(1996). A new member of the
functionally and/or physically, with Fz and Arrow/Lrp5/Lrp6, frizzled family from Drosophila functions as a Wingless recepature
how Wnt activates Arrow/Lrp5/Lrp6 by phopshorylation to _ 382 225-230.

. hanot, P., Fish, M., Jemison, J. A, Nusse, R., Nathans, J. and Cadigan,
regulate the Axin complex, and how Fz receptors and DSh/D\ﬁ K. M. (1999). Frizzled and Dfrizzled-2 function as redundant receptors for

proteins operate. Such studies are likely to identify additional wingless during Drosophila embryonic developmedévelopmentlL26,
signaling components at the plasma membrane or 4175-4186. _ _ _ _
intracellularly that will bridge major gaps in our understandingBhat~ K. M. (1998). frizzled and frizzled 2 play a partially redundant role in

. . - wingless signaling and have similar requirements to wingless in
of transmembrane signaling by Wnt proteins. neurogenesi<Cell 95, 1027-1036,

) Although lek and Wise fami”es of LI’p5/LI’p6. Bienz, M. and Clevers, H(2000). Linking colorectal cancer to Wnt signaling.
ligands/antagonists are only found in vertebrates, the highcell 103 311-320.
similarity between the entire Arrow and Lrp5/Lip6 Bienz, M. and Clevers, H.(2003). Armadillo/beta-catenin signals in the

; ; ; ; ; nucleus — proof beyond a reasonable doiNa® Cell Biol.5, 179-182.
extracellular domains implies that other evquUonanIyBoutros’ M., Mihaly. J. Bouwmeester, T. and Miodzik, M. (2000).

Conseerd “Qa”ds may yet be d'SCQVefeP‘- An area that l'equ're%ignaling specificity by Frizzled receptors in Drosopl8ieience88 1825-
more investigation is the cell biological aspect of Wnt 182s.

signaling, including the biogenesis, trafficking, localizationBoutros, M. and Mlodzik, M. (1999). Dishevelled: at the crossroads of
and endocytosis of Fz and Arrow/Lrp5/Lrp6 during Wnt Odigzgge[“,\iﬂ””i‘ﬂcaegugaf ;ieglgs“”? pﬁﬁ?%ifﬂﬁCh#a'Drﬁ;’ff’v 'T'\thirck A
signaling. On the translational side, the specific function OF yu, D., Insogna, K. and Lift)gn, R. P.(2002). High bone density due to a
LRP5 in bone mass regulation provides an ideal therapeuticmytation in LDL-receptor-related protein Bew Engl. J. Med346, 1513-
target for treatment of bone disorders, but this will critically 1521.

rely on our understanding of LRP5, its putative ligand (a WNTBrott, B. K. and Sokol, S. Y.(2002). Regulation of Wnt/LRP signaling by
or non-WNT), and antagonists such as DKK, WISE or others distinct ‘g’mT"’"”SHOfE"Ckkoﬁf p'gte'”Mo'- CF‘;""S'O'L- 22 %02'6113-
during bone accrual. In addition, the roles of LRP5S in lipid rf\\fvg’”s,\',leékevze,vls.’l_." ggsk:%’ c. i %é((‘,’ JA aﬁ:j’y,qeésl 3_S§9§§‘)‘.""”'
metabolism and other physiological regulations, such as insolation and characterization of LRP6, a novel member of the low density
enhancing insulin secretion (Fujino et al., 2003), may have lipoprotein receptor gene familiochem. Biophys. Res. Comm@4§
significant medical implications. In this regard, molecules that 879-888. _
can stimulate LRP5 expression or activity may be used unkow, M. E., Gardner, J. C., Van Ness, J., Paeper, B. W., Kovacevich,

. . . . B. R., Proll, S., Skonier, J. E., Zhao, L., Sabo, P. J.,, Fu, Y. et §001).
therapeutics for osteoporosis, high cholesterol associatedgone dysplasia sclerosteosis results from loss of the SOST gene product, a

diseases and diabetes. novel cystine knot-containing proteidm. J. Hum. Gene€8, 577-589.
Cadigan, K. M., Fish, M. P., Rulifson, E. J. and Nusse, R1998). Wingless
Note added in proof repression of Drosophila frizzled 2 expression shapes the Wingless

. . morphogen gradient in the winGell 93, 767-777.
It was recently reported that Axin has a I']uClear'cytoplasm'@apelluto, D. G., Kutateladze, T. G., Habas, R., Finkielstein, C. V., He, X.

shuttling role in the regulation of}-catenin subcellular and Overduin, M. (2002). The DIX domain targets dishevelled to actin
localization (Cong and Varmus, 2004). stress fibres and vesicular membramésture 419, 726-729.
Cavallo, R. A., Cox, R. T., Moline, M. M., Roose, J., Polevoy, G. A,
We thank R. Korswagen, N. Tolwinski and S. Blacklow for Clevers, H., Peifer, M. and Bejsovec, A(1998). Drosophila Tcf and
discussion, B. Skarnes for communication before publication, and g(;g”Cho interact to repress Wingless signalling actitigture 395 604-

referees for constructive suggestions. Chen, C. M. and Struhl, G.(1999). Wingless transduction by the Frizzled

and Frizzled2 proteins of Drosophilaevelopmeni26, 5441-5452.

References Chen, W., ten Berge, D., Brown, J., Ahn, S., Hu, L. A., Miller, W. E., Caron,
Adler, P. N. (2002). Planar signaling and morphogenesis in Drosofbés. M. G., Barak, L. S., Nusse, R. and Lefkowitz, R. 2003). Dishevelled
Cell 2, 525-535. 2 recruits beta-arrestin 2 to mediate Wnt5A-stimulated endocytosis of

Axelrod, J. D. (2001). Unipolar membrane association of Dishevelled Frizzled 4.Science301, 1391-1394.
mediates Frizzled planar cell polarity signali@enes Devl5, 1182-1187.  Cliffe, A., Hamada, F. and Bienz, M.(2003). A role of Dishevelled in

Axelrod, J. D., Miller, J. R., Shulman, J. M., Moon, R. T. and Perrimon, relocating Axin to the plasma membrane during Wingless signaling.
N. (1998). Differential recruitment of Dishevelled provides signaling Biol. 13, 960-966.
specificity in the planar cell polarity and Wingless signaling pathwaysCong, F. and Varmus, H.(2004). Nuclear-cytoplasmic shuttling of Axin
Genes Devl2, 2610-2622. regulates subcellular localization Bfcatenin.Proc. Natl. Acad. Sci. USA

Babij, P., Zhao, W., Small, C., Kharode, Y., Yaworsky, P. J., Bouxsein, M. 101, 2882-2887.

L., Reddy, P. S., Bodine, P. V., Robinson, J. A., Bhat, B. et #003). Cong, F, Schweizer, L., Chamorro, M. and Varmus, H.(2003).
High bone mass in mice expressing a mutant LRP5 gerigone Miner. Requirement for a nuclear function of beta-catenin in Wnt signaViiady.
Res.18, 960-974. Cell Biol. 23, 8462-8470.

Bafico, A., Liu, G., Yaniv, A., Gazit, A. and Aaronson, S. A(2001). Novel Cook, D., Fry, M. J., Hughes, K., Sumathipala, R., Woodgett, J. R. and
mechanism of Wnt signalling inhibition mediated by Dickkopf-1 interaction Dale, T. C.(1996). Wingless inactivates glycogen synthase kinase-3 via an
with LRP6/Arrow.Nat. Cell Biol.3, 683-686. intracellular signalling pathway which involves a protein kinas&@BO

Balemans, W., Ebeling, M., Patel, N., Van Hul, E., Olson, P., Dioszegi, M., J. 15, 4526-4536.



Review 1675

Culi, J. and Mann, R. S.(2003). Boca, an endoplasmic reticulum protein  Dishevelled andXenopusaxin-related protein is required for Wnt signal
required for wingless signaling and trafficking of LDL receptor family  transductionMol. Cell. Biol.20, 2228-2238.

members in Drosophil&ell 112 343-354. Jeon, H., Meng, W., Takagi, J., Eck, M. J., Springer, T. A. and Blacklow,

Davidson, G., Mao, B., del Barco Barrantes, |. and Niehrs, ({2002). S. C. (2001). Implications for familial hypercholesterolemia from the
Kremen proteins interact with Dickkopfl to regulate anteroposterior CNS structure of the LDL receptor YWTD-EGF domain pdat. Struct. Biol.
patterning.Developmeni29, 5587-5596. 8, 499-504.

Dong, Y., Lathrop, W., Weaver, D., Qiu, Q., Cini, J., Bertolini, D. and Jho, E. H., Zhang, T., Domon, C., Joo, C. K., Freund, J. N. and Costantini,
Chen, D.(1998). Molecular cloning and characterization of LR3, a novel F. (2002). Wnt/beta-catenin/Tcf signaling induces the transcription of
LDL receptor family protein with mitogenic activitgiochem. Biophys. Res. AXxin2, a negative regulator of the signaling pathwéypl. Cell Biol. 22,
Commun251, 784-790. 1172-1183.

Fagotto, F., Jho, E., Zeng, L., Kurth, T., Joos, T., Kaufmann, C. and Kato, M., Patel, M. S., Levasseur, R, Lobov, |., Chang, B. H., Glass, D.
Costantini, F. (1999). Domains of axin involved in protein-protein  A., 2nd, Hartmann, C., Li, L., Hwang, T. H., Brayton, C. F. et al(2002).
interactions, Wnt pathway inhibition, and intracellular localizatibrCell Cbfal-independent decrease in osteoblast proliferation, osteopenia, and
Biol. 145, 741-756. persistent embryonic eye vascularization in mice deficient in Lrp5, a Wnt

Farr, G. H., 3rd, Ferkey, D. M., Yost, C., Pierce, S. B., Weaver, C. and coreceptor). Cell Biol. 157, 303-314.

Kimelman, D. (2000). Interaction among GSK-3, GBP, axin, and APC in Kelly, O. G., Pinson, K. I. and Skarnes, W. C(2004). Wnt co-receptors,
Xenopus axis specificatiod. Cell Biol. 148, 691-702. Lrp5 and Lrp6, are essential for gastrulation in mibevelopment(in

Fujino, T., Asaba, H., Kang, M. J., Ikeda, Y., Sone, H., Takada, S., Kim, press). )

D. H., loka, R. X., Ono, M., Tomoyori, H. et al.(2003). Low-density Kennerd_ell_, J. R. and Carthew, R. W. (1998). Use of ds_RNA—medlatgd
lipoprotein receptor-related protein 5 (LRP5) is essential for normal 9enetic interference to demonstrate that frizzled and frizzled 2 act in the
cholesterol metabolism and glucose-induced insulin secrdtioe. Natl. _wingless pathwayCell 95, 1017-1026. ) i

Acad. Sci. USA00, 229-234. Kikuchi, A. (1999). Modulation of Wnt signaling by Axin and Ax€ytokine

Glinka, A., Wu, W., Delius, H., Monaghan, A. P., Blumenstock, C. and ~_ Growth Factor Rev10, 255-265. _ _
Niehrs, C. (1998). Dickkopf-1 is a member of a new family of secreted Kim, D. H., Inagaki, Y., Suzuki, T, loka, R. X., Yoshioka, S. Z., Magoori,

proteins and functions in head inductidtature 391, 357-362. K., Kang, M. J, Cho, Y., Nakano, A. Z., Liu, Q. et al(1998). A new low

Gong, Y., Slee, R. B., Fukai, N., Rawadi, G., Roman-Roman, S., Reginato, density lipoprotein receptor related protein, LRP5, is expressed in
A. M., Wang, H., Cundy, T., Glorieux, F. H., Lev, D. et al(2001). LDL hepatocytes and adrenal cortex, and recognizes apolipoprofeiBi&chem
receptor-related protein 5 (LRP5) affects bone accrual and eye developmept (T0Ky0)124, 1072-1076.

Cell 107, 513-523. Kishida, M., Koyama, S., Kishida, S., Matsubara, K., Nakashima, S.,

! : Higano, K., Takada, R., Takada, S. and Kikuchi, A.(1999a). Axin
Guger, K. A. and Gumbiner, B. M. (2000). A mode of regulation of beta- . ; f
catenin signaling activity in Xenopus embryos independent of its |&eis. prevents Wnt-3a-induced accumulation of beta-catéhizogenels, 979-

; 985.
Biol. 223 441-448. e . - . .
He, X. (2003). A Wnt-Wnt situationDev. Cell4, 791-797. Kishida, S., Yamamoto, H., Hino, S., Ikeda, S., Kishida, M. and Kikuchi,

He. X., Saint-Jeannet, J. P., Wang, Y., Nathans, J., Dawid, I. and Varmus, A. (1999b). DIX domains of Dvl and axin are necessary for protein

H. (1997). A member of the Frizzled protein family mediating axis induction interactions and their ability to regulate beta-catenin stabigl. Cell.

) Biol. 19, 4414-4422.
by Wnt-5A. Science275, 1652-1654. ! : : . :
Heisenberg, C. P., Tada, M., Rauch, G. J., Saude, L., Concha, M. L., Korswagen, H. C. (2002). Canonical and non-canonical Wnt signaling

Geisler, R., Stemple, D. L., Smith, J. C. and Wilson, S. WZ2000). pathways in Caenorhabditis elegans: variations on a common signaling

Silberblick/Wntll mediates convergent extension movements duringkotrhs?,vn;efrI]OE:saggéoSu%l:uls% D. Y. Betist M. C.. van de Water S
zebrafish gastrulatiomNature405, 76-81. gen, H. ~. ~ (5ANY R .

: ] . Zivkovic, D. and Clevers, H. C.(2002). The Axin-like protein PRY-1 is a
Herz, J. and Boc_:k, H. H.(2002). Lipoprotein receptors in the nervous system. negative regulator of a canonical Wnt pathway in C. elegaeaes Dev.
Annu. Rev. Biochen7l, 405-434. 16, 1291-1302

Hey, P. J., Twells, R. C., Phillips, M.'S., Yusuke, N., Brown, S. D, Kramps, T., Peter, O., Brunner, E., Nellen, D., Froesch, B., Chatterjee, S.,

Kawaguchi, Y., Cox, R., Guochun, X,, Dugan, V., I-_|am_mond, H. et al. Murone, M., Zullig, S. and Basler, K. (2002). Wnt/wingless signaling
(1998). Cloning of a novel member of the low-density lipoprotein receptor o jires BCL9/legless-mediated recruitment of pygopus to the nuclear beta-
family. Gene216 103-111. ) - catenin-TCF complexCell 109, 47-60.

Holmen, S. L., Salic, A., Zylstra, C. _R., Klrschner, M. W _and Wllllams, Krupnik, V. E., Sharp, J. D., Jiang, C., Robison, K., Chickering, T. W.,
B. 0.(2002). A novel set of Wnt-Frizzled fusion proteins identifies receptor Amaravadi, L., Brown, D. E., Guyot, D., Mays, G., Leiby, K. et al.

components that activate beta-catenin-dependent signaliigol. Chem. (1999). Functional and structural diversity of the human Dickkopf gene
277, 34727-34735. _ _ family. Gene238, 301-313.
Houston, D. W. and Wylie, C.(2002). Cloning and expression of Xenopus sy, N., Laurikkala, J., Imanishi, M., Usui, H., Konishi, M., Miyake, A.,
Lrp5 and Lrp6 genedvlech. Dev117, 337-342. Thesleff, I. and Itoh, N.(2003). Sclerostin is a novel secreted osteoclast-
Hsieh, J. C., Rattner, A., Smallwood, P. M. and Nathans, X1999). derived bone morphogenetic protein antagonist with unique ligand

Biochemical characterization of Wnt-frizzled interactions using a soluble, specificity.J. Biol. Chem278 24113-24117.

biologically active vertebrate Wnt proteiRroc. Natl. Acad. Sci. US86, Laurikkala, J., Kassai, Y., Pakkasjarvi, L., Thesleff, I. and Itoh, N.(2003).
3546-3551. ) ) Identification of a secreted BMP antagonist, ectodin, integrating BMP, FGF,

Hsieh, J. C., Lee, L., Zhang, L., Wefer, S., Brown, K., DeRossi, C., Wines,  and SHH signals from the tooth enamel kiv. Biol.264, 91-105.
M. E., Rosenquist, T. and Holdener, B. C(2003). Mesd encodes an |eg, E., Salic, A., Kruger, R., Heinrich, R. and Kirschner, M. W.(2003).
LRP5/6 chaperone essential for specification of mouse embryonic polarity. The roles of APC and Axin derived from experimental and theoretical
Cell 112, 355-367. analysis of the Wnt pathwalLoS Biol.1, E10.

Hsu, D. R., Economides, A. N., Wang, X., Eimon, P. M. and Harland, R.  Leung, J. Y., Kolligs, F. T., Wu, R., Zhai, Y., Kuick, R., Hanash, S., Cho,
M. (1998). The Xenopus dorsalizing factor Gremlin identifies a novel K. R. and Fearon, E. R.(2002). Activation of AXIN2 expression by beta-
family of secreted proteins that antagonize BMP activitiésl. Cell 1, catenin-T cell factor. A feedback repressor pathway regulating Wnt
673-683. signaling.J. Biol. Chem277, 21657-21665.

Hsu, W., Zeng, L. and Costantini, F.(1999). Identification of a domain of Lij, L., Yuan, H., Weaver, C. D., Mao, J., Farr, G. H., 3rd, Sussman, D. J.,
Axin that binds to the serine/threonine protein phosphatase 2A and a self- Jonkers, J., Kimelman, D. and Wu, D.(1999). Axin and Fratl interact

binding domainJ. Biol. Chem274, 3439-3445. with dvl and GSK, bridging Dvl to GSK in Wnt-mediated regulation of LEF-
Huelsken, J. and Behrens, J2002). The Wnt signalling pathwal. Cell Sci. 1. EMBO J.18, 4233-4240.

115 3977-3978. Li, L., Mao, J., Sun, L., Liu, W. and Wu, D. (2002). Second cysteine-rich
Itasaki, N., Jones, C. M., Mercurio, S., Rowe, A., Domingos, P. M., Smith, domain of Dickkopf-2 activates canonical Wnt signaling pathway via LRP-

J. C. and Krumlauf, R. (2003). Wise, a context-dependent activator and 6 independently of dishevelled. Biol. Chem?277, 5977-5981.

inhibitor of Wnt signalling Developmeni30, 4295-4305. Little, R. D., Carulli, J. P., Del Mastro, R. G., Dupuis, J., Osborne, M.,

Itoh, K., Antipova, A., Ratcliffe, M. J. and Sokol, S.(2000). Interaction of Folz, C., Manning, S. P., Swain, P. M., Zhao, S. C., Eustace, B. et al.



1676 Development 131 (8)

(2002). A mutation in the LDL receptor-related protein 5 gene results in th@iccolo, S., Agius, E., Leyns, L., Bhattacharyya, S., Grunz, H.,

autosomal dominant high-bone-mass train. J. Hum. Genet0, 11-19. Bouwmeester, T. and De Robertis, E. M(1999). The head inducer
Liu, G., Bafico, A., Harris, V. K. and Aaronson, S. A.(2003). A novel Cerberus is a multifunctional antagonist of Nodal, BMP and Wnt signals.
mechanism for Wnt activation of canonical signaling through the LRP6 Nature397, 707-710.
receptorMol. Cell. Biol.23, 5825-5835. Pinson, K. I., Brennan, J., Monkley, S., Avery, B. J. and Skarnes, W. C.
Liu, P., Wakamiya, M., Shea, M. J., Albrecht, U., Behringer, R. R. and (2000). An LDL-receptor-related protein mediates Wnt signalling in mice.
Bradley, A. (1999). Requirement for Wnt3 in vertebrate axis formafiGt. Nature407, 535-538.
Genet.22, 361-365. Polakis, P.(2000). Wnt signaling and canc&enes Devl4, 1837-1851.
Lustig, B., Jerchow, B., Sachs, M., Weiler, S., Pietsch, T., Karsten, U., van Polakis, P.(2002). Casein kinase 1: a Wnt'er of disconn€irr. Biol. 12,
de Wetering, M., Clevers, H., Schlag, P. M., Birchmeier, W. et al2002). R499-R501.
Negative feedback loop of Wnt signaling through upregulation ofRobitaille, J., MacDonald, M. L., Kaykas, A., Sheldahl, L. C., Zeisler, J.,
conductin/axin2 in colorectal and liver tumokdol. Cell. Biol. 22, 1184- Dube, M. P,, Zhang, L. H., Singaraja, R. R., Guernsey, D. L., Zheng, B.
1193. et al. (2002). Mutant frizzled-4 disrupts retinal angiogenesis in familial

MacDonald, B. T., Adamska, M. and Meisler, M. H.(2004). Hypomorphic exudative vitreoretinopathilat. Genet32, 326-330.

expression ofDkkl in the doubleridgemouse: dosage dependence and Rocheleau, C. E., Downs, W. D., Lin, R., Wittmann, C., Bei, Y., Cha, Y.

compensatory interactions withip6. Developmentin press). H., Ali, M., Priess, J. R. and Mello, C. C(1997). Wnt signaling and an
Magoori, K., Kang, M. J., Ito, M. R., Kakuuchi, H., loka, R. X., Kamataki, APC-related gene specify endoderm in early C. elegans emi@gb<0,

A., Kim, D. H., Asaba, H., lwasaki, S., Takei, Y. A. et al(2003). Severe 707-716.

hypercholesterolemia, impaired fat tolerance and advanced atheroscleroflsthbacher, U., Laurent, M. N., Deardorff, M. A., Klein, P. S., Cho, K. W.

in mice lacking both LDL receptor-related protein 5 (LRP5) and and Fraser, S. E. (2000). Dishevelled phosphorylation, subcellular

apolipoprotein EJ. Biol. Chem278 11331-11336. localization and multimerization regulate its role in early embryogenesis.
Malbon, C. C., Wang, H. and Moon, R. T.(2001). Wnt signaling and EMBO J.19, 1010-1022.

heterotrimeric G-proteins: strange bedfellows or a classic romanceRudenko, G., Henry, L., Henderson, K., Ichtchenko, K., Brown, M. S.,

Biochem. Biophys. Res. CommB87, 589-593. Goldstein, J. L. and Deisenhofer, J(2002). Structure of the LDL receptor
Mao, B. and Niehrs, C.(2003). Kremen2 modulates Dickkopf2 activity extracellular domain at endosomal ftience298 2353-2358.

during Wnt/IRP6 signalingGene302 179-183. Ruel, L., Pantesco, V., Lutz, Y., Simpson, P. and Bourouis, M1993).
Mao, B., Wu, W., Li, Y., Hoppe, D., Stannek, P., Glinka, A. and Niehrs, C. Functional significance of a family of protein kinases encoded ahtggy

(2001a). LDL-receptor-related protein 6 is a receptor for Dickkopf proteins. locus inDrosophila EMBO J.12, 1657-1669.

Nature411, 321-325. Rulifson, E. J., Wu, C. H. and Nusse, R2000). Pathway specificity by the
Mao, B., Wu, W., Davidson, G., Marhold, J., Li, M., Mechler, B. M., Delius, bifunctional receptor frizzled is determined by affinity for wingldgsl.

H., Hoppe, D., Stannek, P., Walter, C. et a[2002). Kremen proteins are Cell 6, 117-126.

Dickkopf receptors that regulate Wnt/beta-catenin signallNegure 417, Salic, A., Lee, E., Mayer, L. and Kirschner, M. W.(2000). Control of beta-

664-667. catenin stability: reconstitution of the cytoplasmic steps of the wnt pathway
Mao, J., Wang, J., Liu, B., Pan, W,, Farr, G. H., 3rd, Flynn, C., Yuan, H., in Xenopus egg extractdlol. Cell 5, 523-532.

Takada, S., Kimelman, D., Li, L. et al.(2001b). Low-density lipoprotein ~ Sawa, H., Lobel, L. and Horvitz, H. R.(1996). The Caenorhabditis elegans

receptor-related protein-5 binds to Axin and regulates the canonical Wnt gene lin-17, which is required for certain asymmetric cell divisions, encodes

signaling pathwayMol. Cell 7, 801-809. a putative seven-transmembrane protein similar to the Drosophila frizzled
Monaghan, A. P., Kioschis, P., Wu, W., Zuniga, A., Bock, D., Poustka, A., protein.Genes DeVvl0, 2189-2197.

Delius, H. and Niehrs, C.(1999). Dickkopf genes are co-ordinately Schwarz-Romond, T., Asbrand, C., Bakkers, J., Kuhl, M., Schaeffer, H.

expressed in mesodermal lineagdech. Dev87, 45-56. J., Huelsken, J., Behrens, J., Hammerschmidt, M. and Birchmeier, W.
Mukhopadhyay, M., Shtrom, S., Rodriguez-Esteban, C., Chen, L., Tsukui, (2002). The ankyrin repeat protein Diversin recruits Casein kinase lepsilon

T., Gomer, L., Dorward, D. W., Glinka, A., Grinberg, A., Huang, S. P. to the beta-catenin degradation complex and acts in both canonical Wnt and

et al. (2001). Dickkopfl is required for embryonic head induction and limb  Wnt/JNK signaling Genes DeVl6, 2073-2084.

morphogenesis in the moudgev. Celll, 423-434. Schweizer, L. and Varmus, H(2003). Wnt/Wingless signaling through beta-
Muller, H., Samanta, R. and Wieschaus, E(1999). Wingless signaling in catenin requires the function of both LRP/Arrow and frizzled classes of

the Drosophila embryo: zygotic requirements and the role of the frizzled receptorsBMC Cell Biol.4, 4.

genesDevelopmenii26, 577-586. Semenov, M. and He, X(2003). Secreted antagonists/modulators of Wnt
Niebuhr, K., Ebel, F., Frank, R., Reinhard, M., Domann, E., Carl, U. D., signaling. InWnt Signaling in Developmerfed. M. Kuhl), pp. 16-25.

Walter, U., Gertler, F. B., Wehland, J. and Chakraborty, T.(1997). A Geogetown, TX: Landers Bioscience.

novel proline-rich motif present in ActA of Listeria monocytogenes andSemenov, M. V., Tamai, K., Brott, B. K., Kuhl, M., Sokol, S. and He, X.
cytoskeletal proteins is the ligand for the EVH1 domain, a protein module (2001). Head inducer Dickkopf-1 is a ligand for Wnt coreceptor LRRf.

present in the Ena/VASP familgMBO J.16, 5433-5444. Biol. 11, 951-961.
Niehrs, C.(1999). Head in the WNT: the molecular nature of Spemann’s hea&heldahl, L. C., Slusarski, D. C., Pandur, P., Miller, J. R., Kuhl, M. and
organizerTrends Genetl5, 314-319. Moon, R. T. (2003). Dishevelled activates Ca2+ flux, PKC, and CamKIl in

Nusse, R. (2003). Wnts and Hedgehogs: lipid-modified proteins and vertebrate embryos. Cell Biol. 161, 769-777.
similarities in signaling mechanisms at the cell surf@&melopment30, Simmons, D. G. and Kennedy, T. G(2002). Uterine sensitization-associated
5297-5305. gene-1: a novel gene induced within the rat endometrium at the time of
Nusse, R. and Varmus, H. E(1982). Many tumors induced by the mouse  uterine receptivity/sensitization for the decidual cell reactol. Reprod.
mammary tumor virus contain a provirus integrated in the same region of 67, 1638-1645.

the host genomeCell 31, 99-109. Smalley, M. J., Sara, E., Paterson, H., Naylor, S., Cook, D., Jayatilake, H.,

Packard, M., Mathew, D. and Budnik, V. (2003). Wnts and TGF beta in Fryer, L. G., Hutchinson, L., Fry, M. J. and Dale, T. C.(1999). Interaction
synaptogenesis: old friends signalling at new plaies. Rev. Neurosci, of axin and Dvl-2 proteins regulates Dvl-2-stimulated TCF-dependent
113-120. transcriptionEMBO J.18, 2823-2835.

Parker, D. S., Jemison, J. and Cadigan, K. M(2002). Pygopus, a nuclear Springer, T. A. (1998). An extracellular beta-propeller module predicted in
PHD-finger protein required for Wingless signaling in Drosophila. lipoprotein and scavenger receptors, tyrosine kinases, epidermal growth factor

Developmenfl29 2565-2576. precursor, and extracellular matrix componedit$/ol. Biol.283 837-862.
Patel, M. S. and Karsenty, G.(2002). Regulation of bone formation and Strutt, D. (2003). Frizzled signalling and cell polarisation in Drosophila and
vision by LRP5New Engl. J. Med346, 1572-1574. vertebratesDevelopmenii30, 4501-4513.
Pawson, T. and Scott, J. D(1997). Signaling through scaffold, anchoring, Tada, M. and Smith, J. C.(2000). Xwnt11 is a target of Xenopus Brachyury:
and adaptor protein&cience278, 2075-2080. regulation of gastrulation movements via Dishevelled, but not through the
Pawson, T. and Nash, R2003). Assembly of cell regulatory systems through  canonical Wnt pathwayevelopmenfl27, 2227-2238.
protein interaction domain&cience300, 445-452. Tamai, K., Semenov, M., Kato, Y., Spokony, R., Liu, C., Katsuyama, Y.,

Pearce, J. J., Penny, G. and Rossant, (1999). A mouse cerberus/Dan- Hess, F., Saint-Jeannet, J. P. and He, X2000). LDL-receptor-related
related gene familyDev. Biol.209, 98-110. proteins in Wnt signal transductioNature407, 530-535.



Review 1677

Tamai, K., Zeng, X., Liu, C., Zhang, X., Harada, Y., Chang, Z. and He, Ohayon, D., Schejter, E., Tomlinson, A. and DiNardo, S2000). arrow
X. (2004). A mechanism for Wnt Coreceptor Activatidviol. Cell 13, encodes an LDL-receptor-related protein essential for Wingless signalling.
149-156. Nature407, 527-530.

Thompson, B., Townsley, F., Rosin-Arbesfeld, R., Musisi, H. and Bienz, Wharton, K. A., Jr (2003). Runnin’ with the Dvl: proteins that associate with
M. (2002). A new nuclear component of the Wnt signalling pathiNay. Dsh/Dvl and their significance to Wnt signal transductev. Biol.253
Cell Biol. 4, 367-373. 1-17.

Thorpe, C. J., Schlesinger, A., Carter, J. C. and Bowerman, B1997). Wnt Willert, K., Shibamoto, S. and Nusse, R.(1999). Wnt-induced
signaling polarizes an early C. elegans blastomere to distinguish endodermdephosphorylation of axin releases beta-catenin from the axin complex.

from mesodermCell 90, 695-705. Genes Dev13, 1768-1773.
Tolwinski, N. S. and Wieschaus, E.(2004). A nuclear function for  Willert, K., Brown, J. D., Danenberg, E., Duncan, A. W., Weissman, I. L.,
Armadillo/B-catenin.PLoS Biol (in press). Reya, T., Yates, J. R. and Nusse, R2003). Wnt proteins are lipid-modified
Tolwinski, N. S. and Wieschaus, E(2001). Armadillo nuclear import is and can act as stem cell growth factdfature423 448-452.
regulated by cytoplasmic anchor Axin and nuclear anchor dTCF/Panlodarz, A. and Nusse, R.(1998). Mechanisms of Wnt signaling in
Developmenii28 2107-2117. developmentAnnu. Rev. Cell Dev. Biol4, 59-88.

Tolwinski, N. S., Wehrli, M., Rives, A., Erdeniz, N., DiNardo, S. and Wong, H. C., Bourdelas, A., Krauss, A., Lee, H. J., Shao, Y., Wu, D.,
Wieschaus, E. (2003). Wg/Wnt signal can be transmitted through Mlodzik, M., Shi, D. L. and Zheng, J.(2003). Direct binding of the PDZ

arrow/LRP5,6 and Axin independently of Zw3/Gsk3beta actiigy. Cell domain of Dishevelled to a conserved internal sequence in the C-terminal
4, 407-418. region of FrizzledMol. Cell 12, 1251-1260.

Toomes, C., Bottomley, H. M., Jackson, R. M., Towns, K. V., Scott, S., Wu, C. H. and Nusse, R(2002). Ligand receptor interactions in the Wnt
Mackey, D. A., Craig, J. E., Jiang, L., Yang, Z., Trembath, R. et al. signaling pathway in Drosophild. Biol. Chem277, 41762-41769.
(2004). Mutations in.RP5o0r FZD4 underlie the common FEVR locus on Wu, G., Liu, C. and He, X.(2004). Ozz: a new name on the long lispef
chromosome 11cAm. J. Hum. Genefin press). catenin’s nemesedlol. Cell 13, 451-453.

Tutter, A. V., Fryer, C. J. and Jones, K. A.(2001). Chromatin-specific ~Wu, W., Glinka, A., Delius, H. and Niehrs, C.(2000). Mutual antagonism
regulation of LEF-1-beta-catenin transcription activation and inhibition in between dickkopfl and dickkopf2 regulates Wnt/beta-catenin signalling.
vitro. Genes Devl5, 3342-3354. Curr. Biol. 10, 1611-1614.

Umbhauer, M., Djiane, A., Goisset, C., Penzo-Mendez, A., Riou, J. F., Yamamoto, H., Kishida, S., Uochi, T., Ikeda, S., Koyama, S., Asashima,
Boucaut, J. C. and Shi, D. L(2000). The C-terminal cytoplasmic Lys-thr- M. and Kikuchi, A. (1998). Axil, a member of the Axin family, interacts
X-X-X-Trp motif in frizzled receptors mediates Wnt/beta-catenin signalling.  with both glycogen synthase kinase 3beta and beta-catenin and inhibits axis

EMBO J.19, 4944-4954, formation of Xenopus embryoblol. Cell. Biol. 18, 2867-2875.
Van Wesenbeeck, L., Cleiren, E., Gram, J., Beals, R. K., Benichou, O., Yamamoto, H., Kishida, S., Kishida, M., lkeda, S., Takada, S. and
Scopelliti, D., Key, L., Renton, T., Bartels, C., Gong, Y. et a2003). Six Kikuchi, A. (1999). Phosphorylation of axin, a Wnt signal negative

novel missense mutations in the LDL receptor-related protein 5 (LRP5) gene regulator, by glycogen synthase kinase-3beta regulates its stabilipl.
in different conditions with an increased bone dengitg. J. Hum. Genet. Chem.274, 10681-10684.

72, 763-771. Yan, D., Wiesmann, M., Rohan, M., Chan, V., Jefferson, A. B., Guo, L.,
Veeman, M. T., Axelrod, J. D. and Moon, R. T(2003). A second canon. Sakamoto, D., Caothien, R. H., Fuller, J. H., Reinhard, C. et a(2001).

Functions and mechanisms of beta-catenin-independent Wnt sigizing. Elevated expression of axin2 and hnkd mRNA provides evidence that

Cell 5, 367-377. Whnt/beta-catenin signaling is activated in human colon tunfues. Natl.
Wallingford, J. B., Rowning, B. A., Vogeli, K. M., Rothbacher, U., Fraser, Acad. Sci. USA8, 14973-14978.

S. E. and Harland, R. M.(2000). Dishevelled controls cell polarity during Yang-Snyder, J., Miller, J. R., Brown, J. D., Lai, C. J. and Moon, R. T.

Xenopus gastrulatiomature 405, 81-85. (1996). A frizzled homolog functions in a vertebrate Wnt signaling pathway.

Wehrli, M., Dougan, S. T., Caldwell, K., O’Keefe, L., Schwartz, S., Vaizel- Curr. Biol. 6, 1302-1306.



