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Summary

Whnt-induced signaling via 3-catenin plays crucial roles in
animal development and tumorigenesis. Both a seven-
transmembrane protein in the Frizzled family and a single
transmembrane protein in the LRP family (LDL-receptor-
related protein 5/6 or Arrow) are essential for efficiently
transducing a signal from Wnt, an extracellular ligand, to
an intracellular pathway that stabilizes B-catenin by
interfering with its rate of destruction. However, the
molecular mechanism by which these two types of
membrane receptors synergize to transmit the Wnt signal
is not known. We have used mutant and chimeric forms of
Frizzled, LRP and Wnt proteins, small inhibitory RNAs,
and assays forp-catenin-mediated signaling and protein
localization in DrosophilaS2 cells and mammalian 293 cells
to study transmission of a Wnt signal across the plasma
membrane. Our findings are consistent with a mechanism
by which Wnt protein binds to the extracellular domains
of both LRP and Frizzled receptors, forming membrane-

associated hetero-oligomers that interact with both
Disheveled (via the intracellular portions of Frizzled) and
Axin (via the intracellular domain of LRP). This model
takes into account several observations reported here: the
identification of intracellular residues of Frizzled required
for B-catenin signaling and for recruitment of Dvl to the
plasma membrane; evidence that Wnt3A binds to the
ectodomains of LRP and Frizzled; and demonstrations that
a requirement for Wnt ligand can be abrogated by chimeric
receptors that allow formation of Frizzled-LRP hetero-
oligomers. In addition, the-catenin signaling mediated by
ectopic expression of LRP is not dependent on Disheveled
or Wnt, but can also be augmented by oligomerization of
LRP receptors.

Key words: Wnt, LDL-receptor-related proteins 5 and 6, Frizzled,
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Introduction
Wnt proteins comprise a family of secreted glycoprotein

transcription. Inappropriate activation of Wtzatenin

Sc,ignaling can lead to cancer (Polakis, 2000).

that play diverse roles during development, such as cell Frizzled receptors are a family of seven-transmembrane

- : : - : roteins, which interact with Wnt proteins through their N-
proliferation, cell polarity and cell fate determination (Cadiga ! o .
and Nusse, 1997: Wodarz and Nusse, 1998). Genet rminal extracellular cysteine-rich domain (CRD) (Bhanot et

. . . . . . al., 1996; Hsieh et al., 1999). There are three major pathways
experiments ibrosophilaand biochemical studies Xenopus downstream of Frizzled: the canonical Viiatatenin pathway;
and mammalian cells have established a framework for the W : X 2 2
signaling pathway (Peifer and Polakis, 2000). In cells that dme planar polarity pathway and the Wnt*Cpathway. It is

. Wnt sianal | N ted finclear whether Frizzled receptors are directly coupled to the
not receive a Wnt signal, cytoplasnfiecatenin is associated game set of downstream signaling proteins in these distinct

with a muItiprpteir[S—cate_nin de_struction complex that Co”_tainssignaling pathways. Like Wnt proteins, Frizzled receptors have
several proteins, including Axin, adenomatous polyposis colyeen grouped into two classes: one class is thought to stimulate
(APC) and glycogen synthase kinase 3 (GSK3). In thighep-catenin pathway and the other class to stimulate the Ca
complex, B-catenin is constitutively phosphorylated andpathway (Miller et al., 1999a). The mechanism by which
degraded by the ubiquitin-proteasome pathway. The Writrizzled activates the Wilticatenin pathway is still uncertain,
signal is received by two membrane receptors, Frizzled anglthough a link with heterotrimeric G proteins has been
LRP (LRP5/6, Arrow). Through an unknown mechanism thaproposed (Liu et al., 2001). Dvl is, at present, the only known
involves Dishevelled (Dvl), Wnt induces destabilization of thecomponent closely downstream of Frizzled and it is involved
B-catenin destruction complex and stabilizationBafatenin.  in all three pathways downstream of Frizzled.
Accumulatedp-catenin then enters the nucleus and, together LRP  co-receptors (LRP5/6, Arrow) are single
with the TCF family of transcription factors, regulatestransmembrane proteins that comprise a subfamily of LDL-
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receptor related proteins and play an essential role in thfeagment and the C-terminal human FZ5 fragment. Wg was fused to
canonicalB-catenin pathway (Pinson et al., 2000; Tamai et al.the N terminus of TrkN-LRP6C. GFP was fused to the C termini of
2000; Webhrli et al., 2000). The intracellular domains of LRP31Fz5-LRP6C, NT3-HFz5,and Wg-HFz5.

and Arrow have been shown to bind to Axin (Mao et al., 2001b; HF2z5, LRP6, LRPBEGF, LRPAEGF-FKBP and LRPSN were
Tolwinski et al., 2003). Recent studies have demonstrated thgpned into a mammalian expression vector under the control of the

: : e tomegalovirus (CMV) promoter. GFP was fused to the C terminus
Wnt induces membrane translocation and destabilization %ﬁf human FZ5 and YEP was fused to the C termini of LRP6 and

Axin (Cliffe et al., 2003; Mao et al., 2001a; Tolwinski et al. ;
T ’ ’ . ' LRPGAN. MESD (Hsieh et al., 2003), Myc-tagged Dsh and mFz8-
2003). Although it is widely accepted that Wnt binds tOcrp.1gG (Hsieh et al., 1999) were provided by Jen-Chih Hsieh.

Frizzled, whether Wnt directly interacts with LRP is IessLRpsN-|gG and LDLR-IgG were provided by Xi He (Tamai et al.,
certain (Tamai et al., 2000; Wu and Nusse, 2002). LRP has2800). The LEF-1 reporter constructs were provided by Rudolf

large extracellular domain that contains four EGF repeats arGrosschedl. TOP-FLASH reporter was provided by Hans Clevers.
three LDLR repeats. The role of the extracellular domain of , , )

LRP and the functional significance of the potential physicalf@mmalian cell culture, transfection and luciferase

interaction between this domain and Wnt are unclear. assays

Both Frizzled and LRP receptors are essential for thélodified Eagle’s medium supplemented with 10% fetal bovine serum
. . .. . . (0]
signaling activity of Wnt. There are three potential mechanism 722" %> o Colls e tectod with Fugene 6 (Roche)

that could explain the interdependence between endernoé&:ording to the manufacturer’s instructions. Luciferase assays were

Frizzled and LRP in transmitting the Wnt signal. First, Wnt,performed with the Dual Luciferase Assay kit (Promega) according

Frizzled and LRP could form a single signaling compleXxio the manufacturer’s instructions.

leading to the transmission of one signal. Second, Wnt could

form two separate complexes with Frizzled and LRP, androsophila S2 cell transfection and dsRNA experiments

generate signals that merge in downstream signaling cascadegsophilaS2 cells were grown at room temperature in Schneider’s

Third, Wnt could primarily interact with one receptor, inducingProsophila medium supplemented with 10% fetal bovine serum.

activation of the other receptor through intracellular signalinglransfection of S2 cells and dsRNA experiments were performed as

In the last two scenarios, proximity between Frizzled and LRﬁeéﬁfgdéggggh?aalArzrgs\,‘l)' ,;B‘ES‘}E%”S}SSQSZ&Eritcirgsestﬁ;dnwnh

might be unnecessary and insufficient for signaling. Based umber NM 079998: Dsh Accession Number L 2690sophila

the finding that _the exf[racellular domain of LRPG b|n(_js tostimulatory G proteiro subunit Gxs, Accession Number M23233.

Wntl and associates with the extracellular domain of Frizzleglys_ 4sRNA was used as a control in the RNA interference

in a Wnt-dependent manner, it has been proposed that Wgkperiments.

triggersp-catenin signaling by bridging between Frizzled and

LRP (Tamai et al., 2000). However, this model has not beefo-immunoprecipitation and immunoblotting assay

rigorously tested. Co-immunoprecipitation of Frizzled and Dvl was performed as
In this study, we have analyzed the mechanisms by whictescribed (Chen et al., 2003). Co-immunoprecipitation of LRP6 and

Frizzled and LRP transmit a Wnt signal in cell culture systemg)xin was performed as described (Liu et al., 2003). Commercial

We have identified key amino acid residues of Frizzle%tt')?]‘ig(':ehs) ”;ﬁtdh'rt‘uguﬁnsﬁ‘xéi%ﬁ? :Q::B%Zilz;sp(()gig%g?l er‘]tt'ibﬁdA'es

essential for transducing the Wnt signal, and demonstrated t N 11 'monog:lonal antibodies  (Covance téateni-n

LRP Slgnallng.aCtIVIty can b? Stlmulatgd by Ol'gomenz.at'on'monocl)onal antibodies (Transduction (Laborator)ies) t’jg}nd anti-Myc

We have provided several lines of evidence suggesting thg§e10) monoclonal antibodies (Santa Cruz).

Wnt activatesp-catenin signaling by bringing Frizzled and

uman 293 cells and monkey COS?7 cells were grown in Dulbecco’s

LRP into proximity. Membrane biotinylation assay
Cells were washed twice with ice-cold PBS (pH 8.0), and suspended
i at a concentration of*10 cells/ml. Cells were incubated with 0.5
Maten_als and methods mg/ml Sulfo-NHS-LC-Biotin (Pierce) at room temperature for 30
Expression constructs minutes. Cells were washed once with 50 mM Tris (pH 8.0) and twice

All Drosophila expression plasmids were made in Dwsophila  with ice-cold PBS to remove any remaining biotinylation reagents.
expression construct pPac-PL. Wg, WQCS, rat Fz1, rat Fz2, humaells were then lysed with RIPA buffer and cell lysates were
FZ5 and ArmadilloAN (lacking amino acid residues 1-77) were incubated with immobilized monomeric Avidin beads (Pierce) for 3
cloned in aDrosophila expression vector under the control of the hours. Beads were washed four times with RIPA buffer, and the bound
Drosophilaactin promoter. Wg and WgCS were fused with an HAproteins were eluted with Laemmli sample buffer.

epitope at their C termini. Rat Fz1 and human FZ5 were fused with ] )

GFP at their C termini. Site-directed mutagenesis of Wg, rat Fz1 arf@ell fractionation assay

human FZ5 was performed using two-step PCR. All constructs wer€ells were washed and scraped on ice into TBS (10 mM Tris-HCI,
verified by DNA sequencing. DFz2, LRP6, LR®§ LEF-1 and pH 7.5, 140 mM NaCl, 2 mM DTT, protease inhibitors). Cells were
Renilla luciferase were cloned in pPac-PL and have been previoushomogenized with 30 strokes in a dounce homogenizer, and the nuclei
described (Schweizer and Varmus, 2003). The extracellular domaimere removed by low speed centrifugation. The post-nuclear
of human TRKC (residues 1-428) and the extracellular domain cdupernatants were spun at 100,06r 90 minutes at 4°C to generate
human FZ5 (residues 1-235) were fused with a C-terminal fragmert supernatant, or cytosolic, fraction and membrane-rich pellet
of human LRP6 (residues 1365-1612) to form TrkN-LRP6C andraction. Samples normalized for protein content were analyzed by
HFz5N-LRP6C. The intracellular domain of LRP6 (residues 1395SDS-PAGE.

1612) was fused to the C terminus of human Fz5 to form HFz5- )

LRP6C. Wg and human NT3 were fused to the N terminus of humahluorescence microscopy

FZ5 to form Wg-HFz5 and NT3-HFz5, and a 24-amino acid linkerCOS cells were transfected with Myc-tagged Dsh and GFP-tagged
(GGGGSGGGTwas inserted between the N terminal Wg or NT3HFz5. The immunofluorescence experiment was performed as
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described (Cong et al., 2003). 293 cells were transfected with LRPI 1800+
YFP and LRPBN-YFP expression constructs. Thirty-six hours after 1600
transfection, cells were fixed with 2% paraformaldehyde. Cells wer
washed with PBS, mounted using Vetashield mounting medium an
examined by laser scanning microscopy (Zeiss).

14001
1200
L 10001
Liquid binding assay 800 -
Liquid binding assay was performed as previously describe: |
(Semenov et al., 2001; Tamai et al., 2000). All recombinant protein 600
were used as conditioned medium (CM). LRP6N-IgG, LDLR-IgG 400 1
and mFz8CRD-IgG were produced in 293 cells via transien 200 A
transfection. MESD was co-expressed with LRPEN-IgG to facilitate 0 -

the secretion of LRP6N-IgG. Wnt3A and Wnt3A C77S-HA CM were 5 P & A

collected from Rat-2 cells stably transfected with Wnt3A or Wnt3A & Q $‘ < Q‘-‘ é‘ T &g
C77s. N S S
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Fig. 1. Synergistic effects of Wg and Frizzled on LEF-dependent
Results transcription. S2 cells were transfected with indicated plasmids and
Ligand-dependent activation of Frizzled receptors plasmids as described in the Materials and methods. Fold-activation

. . A . . . values were measured relative to the levels of luciferase activity in
Slg[]ngllng &ctlvmes of various dF”Z.ZIed [(Iazcl::erl)t:)rs_fln e cells transfected with an empty vector and normalizeRdnyilla
catenin pathway were measured using a -1 UCITErase ass citerase activities. All experiments were carried out in triplicate

(Schweizer and Varmus, 2003). S2 cells contain relatively 10vang error bars represent standard deviation.
levels of endogenousrosophilaFrizzled proteins (Bhanot et
al., 1996; Schweizer and Varmus, 2003), and Wingless (W¢
modestly increased LEF-dependent transcription (Fig. l)extracellular loops. In each mutant, two neighboring amino
Ectopic expression of mammalian Frizzled receptors in Sacid residues were simultaneously changed to Ala. As
cells had minimal effects on LEF-dependent transcription (Figexpected, mutations in the extracellular loops did not affect the
1); however, the stimulatory effect of Wg was greatly enhancesignaling activity of rat Fz1, while mutations in the
by co-expression obrosophilaFrizzled 2 (Fz2) (Schweizer intracellular domains had various effects (Fig. 2A). All rat Fz1
and Varmus, 2003), human frizzled 5 (FZ5) or Rat frizzled Imutants were tagged with a GFP epitope at their C termini;
(Fz1) (Fig. 1), consistent with the known function of theseammunoblotting demonstrated that the levels of mutant
Frizzled receptors ifi-catenin signaling (Bhat, 1998; He et al., proteins were approximately equal (data not shown).
1997; Kennerdell and Carthew, 1998; Yang-Snyder et al., Next, we generated another 16 mutants covering the critical
1996). Treatment of S2 cells with double-stranded RNAoop regions of rat Fz1 defined in the previous experiment,
(dsRNA) that inhibits production of Arrow, DsiDiosophila  changing a single amino acid residue to Ala in each mutant. In
Dishevelled), or Armadillo [Drosophila [B-catenin) this analysis, mutations at three residues, Arg340 in the first
significantly decreased the stimulatory effects of Wg andoop, and Leu524 and Leu527 in the third loop, severely
Frizzled on LEF-dependent transcription (Schweizer andffected the function of rat Fz1, whereas other mutations had
Varmus, 2003). only marginal or moderate effects (Fig. 2B and data not
Surprisingly, Rat Frizzled 2 (RFz2) also greatly increaseghown). Consistent with a previous report (Umbhauer et al.,
Wg-induced LEF-dependent transcription (Fig. 1). Rat Fz2000), Lys619 in the Lys-Thr-x-x-x-Trp motif in the C-
belongs the class of Frizzled proteins that selectively activaterminal tail of Frizzled is also essential fscatenin signaling
the B-catenin pathway, whereas rat Fz2 has been assigned (fig. 2B). Mutating Arg340, Leu524 and Lys619 to Ala did not
the other class that selectively activate thé*Qaathway affect the membrane localization of rat Fz1 proteins, as
(Sheldahl et al., 1999; Slusarski et al., 1997; Yang-Snyder eemonstrated by membrane biotinylation (Fig. 2B). The
al., 1996). It has been suggested that the signaling specificispecificity of membrane biotinylation was demonstrated by
of rat Fz1 and rat Fz2 is determined by their intracellulausing a cytoplasmic protein, Myc-tagged Dbt (doubletime), as
domains (Ahumada et al., 2002; Liu et al., 2001). Our data negative control (data not shown). Mutating Leu527 to Ala
suggest that both rat Fz1 and rat Fz2 can iniflatatenin  significantly decreased the amount of rat Fz1 on the plasma
signaling through interacting with cytoplasmic components omembrane (data not shown), so this mutant was excluded from

the B-catenin pathway, at least in S2 cells. further studies.

o ) ) ) ) We then mutated Arg263, Leud443 and Lys525 of human
Identification of amino acid residues in the FZ5, residues analogous to Arg 340, Leu524 and Lys619 of rat
intracellular domains of Frizzled receptors essential Fz1, and found that mutating these residues abolished the
for Wnt/ B-catenin signaling signaling activity of human FZz5 without affecting its

We systematically mutagenized the intracellular domains of rahembrane localization (Fig. 2C). All three residues are well
Fz1 to identify critical amino acid residues for Waatlatenin ~ conserved in all Frizzled receptors (data not shown).
signaling using the S2 cell culture assay. Thirty rat Fz1 mutants The Trp residue in the essential Lys-Thr-x-x-x-Trp motif is
were generated to make changes in all three intracellular loopsnserved in most Frizzled receptors, but substituted by a Tyr
and in the proximal membrane region of the C-terminal tail, aesidue inDrosophila Fz3 and mom-5 ofC. elegans As
region known to be essential for Wnt signaling (Umbhauer ddrosophila Fz3 and mom-5 appear to be weak or defective
al., 2000), and two mutants were generated with changes in theizzled receptors (Rocheleau et al., 1997; Sato et al., 1999;
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Fig. 2. Activation of Wntf3-catenin signaling by rat Fz1 and human FZ5 point mutants. (A) Schematic representation of rat Fz1 double-alanine-
scanning mutants. Amino acids residues of transmembrane segments, three intracellular loops and the N-terminal sectranafuliae fail
were shown. In these rat Fz1 mutants, two neighboring amino acid were changed to Ala, and a GFP tag was fused to tbéall termini
mutants. The majority of mutants cover the intracellular regions, while two mutants reside in the extracellular loopsitiEsechetild-type

and mutant rat Fz1 to stimulate LEF-dependent transcription were measured in S2 cells. The activities of mutants raeRathataif
wild-type rat Fz1 are indicated by color. Amino acid residues essential for the signaling activity of rat Fz1 and humarstedi®dnd detall

in later experiments are indicated by asterisks. (B) Single point mutations abolish signaling activity of rat Fz1. Attizitlexslorat Fz1

R340A, rat Fz1 L524A and rat Fz1 K619A were measured in S2 cells. The membrane localization of wild-type and mutant rat Fz1 was
examined by membrane biotinylation, precipitation with avidin-agarose beads and immunoblotting with anti-GFP antibodigjiigegle
point mutations abolish signaling activity of human FZ5. Activities of human FZ5, human FZ5 R263A, human FZ5 L443A and Buman FZ
K525A were measured in S2 cells. All human FZ5 constructs were fused with a GFP epitope at their C termini. The membedivaochli
wild-type and mutant human FZ5 were examined by the membrane biotinylation assay (insert). (D) The Trp residue in theX-ysFihr-x
motif can be substituted by Tyr. The Trp residue in the Lys-Thr-x-x-x-Trp motif (W624 in rat Fz1 and W530 in human FZ5yteastonut
either Ala or Tyr, and activities of these mutants were measured in S2 cells.

Thorpe et al., 1997), it has been speculated that the Trp to Tgecruited Dsh to the plasma membrane (Fig. 3A). By contrast,
substitution might be responsible for the defective signalinghe inactive human FZ5 mutants R253A, L443A and K525A
activities of Drosophila Fz3 and mom-5 (Umbhauer et al., were unable to translocate Dsh to the plasma membrane (Fig.
2000). We have found that mutating the corresponding TrBA), although they were all present on the plasma membrane
residue in rat Fz1 and human FZ5 to Ala significantly reducedt levels similar to that of wild-type protein as determined by
the signaling activity of Frizzled receptors, but mutating it tomembrane biotinylation (data not shown).

Tyr had no significant effect (Fig. 2D). Therefore, replacement We next tested whether the implicated residues are required
of Trp with Tyr at this position irosophilaFz3 and mom-5 to form a complex containing Frizzled and Dvl by performing
is unlikely to be responsible for their deficiencies in Wnta co-immunoprecipitation experiment. Although wild-type

signaling. human FZ5 was found in immunoprecipitates containing Dsh,

) ) the three human FZ5 mutants were not (Fig. 3B). Taken
Membrane relocation of Dvl by wild-type and mutant together, these data suggest that mutations that disrupt the
Frizzled receptors signaling activities of Frizzled in th@-catenin pathway also

Overexpression of Frizzled induces membrane translocation affect the formation of a membrane-associated complex that
Dvl. We tested whether the residues of Frizzled identified acludes Frizzled and Dvl.

crucial for B-catenin signaling were also important for

Frizzled-induced Dvl membrane translocation. Dsh wad\ctivation of LRP6 signaling activity by inducible

localized in a punctated pattern in the cytoplasm wheg®ligomerization

expressed alone in COS cells, and co-expression of human F2erexpression of LRP without Wnt and Frizzled stimulates



Analyzing the Wnt receptor complex 5107

A Dsh-Myc  HFz5-GFP B

Dsh-Myc
HFz5-GFP
HFz5 RA-GFP
HFz5 LA-GFP
HFz5 KA-GFP

+ + + +
+ +
+
S
+
IP: o-Myc s A
WB: u-GFP
Cell lysates
WE: -GFP | W e = ‘

mock

HFz5

Fig. 3.Point mutations decrease the interaction

- between Dsh and HFz5. (A) Recruitment of Dsh to
We MY - the plasma membrane b)f v3i|d-type and mutant
human FZ5. Myc-tagged Dsh and GFP-tagged
human FZ5 were co-expressed in COS cells. Cells
were stained by anti-Myc 9E10 monoclonal
antibodies and Texas Red-conjugated goat anti-
mouse secondary antibodies, and examined by
fluorescence microscopy. (B) Physical interaction
between Dsh and wild-type or mutant human FZ5.
Myc-tagged Dsh and GFP-tagged human FZ5 were
co-expressed in 293 cells. Cell lysates were
immunoprecipitated with anti-Myc antibodies, and
immunoprecipitates were fractionated by SDS-
PAGE, transferred to a nitrocellulose membrane and
immunoblotted with anti-GFP antibodies (upper
panel). Expression of Dsh and human FZ5 in total
cell lysates was examined by immunoblotting with
anti-Myc and anti-GFP antibodies (lower panels).

HFz5 RA

HFz5 LA

HFz5 KA

B-catenin signaling in various systems (Mao et al., 2001hincreases its signaling activity by enhancing recruitment of
Schweizer and Varmus, 2003; Tamai et al., 2000), possibly b&xin.
titrating endogenous Axin. As many receptors are activated by Next, we tested the effect of oligomerization on the signaling
ligand-induced oligomerization (Weiss and Schlessingemctivity of LRP6 in Drosophila S2 cells using a different
1998), it is conceivable that ligand-induced oligomerization oktrategy, involving an extracellular oligomerization signal. The
LRP increases its signaling activity. extracellular domain of TrkC, a neurotrophin receptor, was
We tested this hypothesis by generating various LRRused N-terminal to the transmembrane domain of LRP6 to
chimeric proteins. The FK506-binding protein, FKBP, hasform TrkN-LRP6C (Fig. 4A); neurotrophin 3 (NT3), a specific
been engineered to serve as an inducible intracelluldigand of TrkC, was used to induce oligomerization of TrkN-
dimerization domain (Klemm et al., 1998). LREBGF- LRP6C. Treatment ddrosophilaS2 cells with NT3 increased
FKBP was generated by fusing two copies of a modifiedhe signaling activity of TrkN-LRP6C by almost tenfold (Fig.
FKBP domain (Ariad) to the C terminus of LRMBGF, an 4E), but had no effect on the signaling activity of LRP6,
LRP6 N-terminal deletion mutant with all four EGF repeatsLRPGAN and HFz5N-LRP6C, a chimeric protein with the N-
removed (Fig. 4A) and its activity was tested in 293 cells usingerminal extracellular domain of human FZ5 fused upstream of
a LEF-luciferase reporter as readout. AP20187, a synthettbe transmembrane domain of LRP6 (Fig. 4A). These data
dimerizer (Clackson et al., 1998), significantly increased théurther strengthen the claim that the signaling activity of LRP
signaling activity of LRPBEGF-FKBP, but not that of can be increased by oligomerization.
LRPGAEGF (Fig. 4B). Furthermore, AP20187 increased We next tested whether Dvl is required for the signaling
LRPBAEGF-FKBP-induced, but not LRBR&GF-induced, activity of LRP in these experiments. Although Dsh-dsRNA
stabilization off3-catenin in 293 cells (Fig. 4C). These resultssignificantly decreased the signaling activity of Wg and Fz5
suggest that oligomerization of LRP increases the signalin@ig. 4F), it had no effect on the signaling activity of LRRG
activity of LRP in theB-catenin pathway. This conclusion consistent with previous findings (Li et al., 2002; Schweizer
directly conflicts with a recent report by Liu et al. (Liu et al.,and Varmus, 2003). Importantly, Dsh-dsRNA also had no
2003), as discussed later. effect on the activity of TrkN-LRP6C, even in the presence
As Axin directly interacts with the intracellular domain of NT3. These results demonstrate that activationpof
of LRP (Mao et al., 2001b; Tolwinski et al., 2003), we catenin signaling by overexpression of LRP, with or without
tested whether oligomerization of LRP6 affects its bindingnducible oligomerization, does not involve Dvl. Presumably,
to Axin in 293 cells. As shown in Fig. 4D, AP20187 did overexpressed LRP stimulate§-catenin signaling by
not affect the binding of LRREGF to Axin, but recruiting Axin to the plasma membrane and inactivating it, a
clearly increased the interaction of LREBGF-FKBP with  process that does not require Dvl; oligomerized LRP has a
Axin. These data suggest that oligomerization of LRP@igher affinity for Axin.
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Fig. 4. Stimulation of the signaling activity of LRP6 by oligomerization. (A) Schematic representation of wild-type and mutant gR&6. Si
peptide (SP), EGF repeats (E1-E4), LDLR repeats (L1-3) and transmembrane domain (TM) are indicated\lBGER&ABEGF repeats were
deleted. In LRPAN, the whole extracellular domain was deleted. Two copies of FKBPv were tethered to the C terminusMf&REGform
LRPBAEGF-FKBP. The extracellular domain of LRP6 was replaced by the extracellular domain of TrkC or human FZ5 to form TrkN-LRP6C
and HFz5N-LRP6C. (B) AP20187 increases the stimulatory effect of ARBB-FKBP on LEF-dependent transcription in 293 cells. 293 cells
were transfected with the indicated plasmids and CMV-LEF1, Qé¥xilaluciferase and a LEF-luciferase reporter. Cells were either treated
with vehicles or 50 nM AP20187 for 36 hours. The levels of luciferase activities were normaliReshiltaluciferase activities. (C) AP20187
increases LRAEEGF-FKBP-induced-catenin stabilization in 293 cells. 293 cells were transfected with the indicated plasmids and treated
with vehicles or 50 nM AP20187 for 36 hours. Cells were subjected to subcellular fractionation, and @Ameelicn was determined by
immunoblotting. (D) AP20187 increases the binding of Axin to LAREGF-FKBP during3-catenin stabilization in 293 cells. 293 cells were
transfected with the indicated plasmids and treated with vehicles or 50 nM AP20187 for 36 hours. Proteins were immuregpfiexipitat|
lysates with anti-HA antibodies, and immunoprecipitates were fractionated by SDS-PAGE, transferred to a nitrocellulose ar@nbrane
immunoblotted with anti-Myc antibodies (upper panel). Expression of Axin and ARBE or LRPAEGF-FKBP in total cell lysates was
examined by immunoblotting with anti-Myc and anti-HA antibodies (lower panels). (E) NT3 increases the signaling activilyL@H8IC in

S2 cells. S2 cells were transfected with the indicated plasmids and treated with 200 ng/ml NT-3 (Upstate) for 48 howese (ysbsiwnd the
luciferase activities were normalized Renillaluciferase activity. (F) The signaling activity of LRP6, with or without inducible
oligomerization, is Dsh independent. S2 cells were treated with dsRNAs, transfected with the indicated effector plaseatsdandtr200
ng/ml NT3 for 48 hours. Cells were lysed and luciferase activities were measured.

The extracellular domain of LRP6 plays a positive domain could play a negative role by restraining the signaling
role in Wnt signaling, and can be replaced by the N- activity of LRP in the absence of Wnt; binding to Wnt might
terminal extracellular domain of human FZ5 then release the inhibitory effect. Consistent with the second

Both LRP and Frizzled are required to transduce a Wnt signgdossibility, an LRP mutant lacking the whole extracellular
Could this occur by formation of hetero-oligomers and, if sodomain appears to be hyperactive and does not synergize with
how? It is also uncertain whether all Wnt proteins bind to th&Vnt (Liu et al., 2003; Mao et al., 2001a; Mao et al., 2001b;
extracellular domain of LRP and, if so, whether such a bindin§chweizer and Varmus, 2003).
is functionally significant. It has been suggested that the We tested the signaling activity of LRP6 and LRRG6In
extracellular domain, specifically the region containing the firs93 cells using the TOP-FLASH reporter. Consistent with
two EGF repeats, plays an important role in transducing thgrevious observations, LRRB appeared to be much more
Whnt signal (Mao et al., 2001a). active than LRP6 (Fig. 5B). However, a close examination of
The extracellular domain of LRP might play a positive rolethe subcellular localizations of these two proteins tagged at
and actively transmit the Wnt signal. Alternatively, as it hagheir C termini with YFP revealed that LR&§ was mostly
recently been suggested (Liu et al., 2003), the extracelluldocalized on the plasma membrane, while LRP6 was mostly
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LRP6-YFP DControI ds RNA
LRP6-YFP + MESD LRPB6AN-YFP < 12001 |l Arrow ds RNA
. o
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0
B 30 wg - + + + + -
HFz5 - + + + + -
c % LRP6 - - + - - -
2 2 LRP6AN - - - + - -
o HFz5N-LRP6C - - - - + -
E L ArmAN - - - - - +
- 10 Fig. 6. Functional substitution of the extracellular domain of LRP6
u“-_’ § with the extracellular domain of human FZ5. S2 cells were treated
with the indicated dsRNAs and transfected with the indicated
0 effector plasmid together with LEF-1 reporter plasmids. Forty-eight
hours after transfection, cells were lysed and luciferase activities
LRP6 - - + + - - were measured.
LRP6AN —= - = = 4 &+
MESD - 4+ - + = + and promotes dimerization of tagged Frizzled CRDs (Dann et
_ o al.,, 2001), suggesting that Wnt forms dimers or higher
Fig. 5. The MESD chaperone protein increases the membrane oligomers.

localization and signaling activity of LRP6. (A) MESD increases the

membrane localization of LRP6. LRP6 and LRRGBwere fused HFz5N-LRP6C was generated by fusing the extracellular

with YFP at their C termini, and expressed in 293 cells with or domain of human FZ5 N-terminal to the transmembrane

without co-expression of MESD. The subcellular localization of ~ domain of LRP6 (Fig. 4A), and tested for its ability to
wild-type and mutant LRP6 was examined by confocal fluorescencecomplement endogenous Arrow in S2 cells. Consistent with
microscopy. (B) MESD increases the signaling activity of LRP6. 2930ur previous results (Schweizer and Varmus, 2003), full-length
cells were transfected with the indicated plasmids together with ~ LRP, but not the N-terminally truncated LRP6, complemented
TOP-FLASH and CM\Renilla The luciferase activities were endogenous Arrow to transduce the Wnt signal (Fig. 6).
normalized forRenillaluciferase activities. Significantly, HFz5N-LRP6C, like full-length LRP6, also
complemented endogenous Arrow in this assay (Fig. 6). No
synergy between HFz5N-LRP6C and human FZ5 was
localized in the perinuclear region, presumably in theobserved when Wg was not co-expressed (data not shown). The
endoplasmic reticulum (Fig. 5A). This observation isinability of LRPGAN to complement endogenous Arrow is
consistent with recent findings that correct folding andhot due to its lower signaling activity, as LR®6 has a
membrane translocation of LRP proteins require MESD (Bocaignificantly higher activity than LRP6 and HFz5N-LRP6C
in Drosophilg), a chaperone protein found in the endoplasmiavhen expressed alone (Fig. 4). Taken together, these data
reticulum (Culi and Mann, 2003; Hsieh et al., 2003). Cosuggest that the extracellular domain of LRP plays a positive
expression of MESD increased the membrane localization @ble in transducing the Wnt signal, possibly by binding to Wnt.
LRP6 (Fig. 5A). Importantly, the signaling activities of LRP6
and LRP&N became comparable upon co-expression oflyperactivity of a Frizzled-LRP fusion protein
MESD (Fig. 5B). Therefore, the apparent lower activity of thelf Wnt binds to both LRP and Frizzled, there are at least two
full-length LRP6 is most likely due to its inefficient transport models that could explain how the Wnt signal is transmitted.
to the plasma membrane, and the extracellular domain of LR previously proposed (Tamai et al., 2000), it is possible that
does not play a negative role. Whnt recruits LRP and Frizzled into the same complex, and a
We have previously demonstrated that the extracellulasignal is transmitted when the two receptors are in proximity.
domain of LRP plays a positive role in transducing the WnAlternatively, Wnt could bind to and activate LRP and Frizzled
signal by showing that full-length LRP, but not N-terminally at different locations on the cell surface, and signals generated
truncated LRP, is able to complement endogenous Arrow in S8dependently by the two receptor complexes could synergize
cells (Schweizer and Varmus, 2003). Whether Wnt proteiglownstream.
directly interacts with LRP receptors is still controversial A recent study by Tolwinski et al. supports the first model
(Tamai et al., 2000; Wu and Nusse, 2002). Nevertheless, Wiy showing that a Frizzled-LRP chimeric protein with the
reasoned that if the main function of the extracellular domaimtracellular domain of Arrow fused to the C terminus of
of LRP is to interact with Wnt, it might be functionally DrosophilaFz2 is more active than Arrow @rosophilaFz2
substituted by the N-terminal extracellular domain of Frizzledand does not require endogenous Wg (Tolwinski et al., 2003).
which is known to bind to Wnt. XWnt8 present in conditionedHowever, it is not clear from their study whettigznosophila
medium is found in a large complex, as judged by gel filtrationi-z2 plays an active signaling role in the chimera. As
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overexpression of LRP induces ligand-indepen A

signaling inXenopusembryos and cultured cells (Mac

al.,, 2001a; Mao et al., 2001b; Schweizer and Var LRP6 ¥ 11
2003; Tamai et al., 2000), the ligand-indepen HEzZ5

signaling of theDrosophila Fz2-Arrow chimera coul N
result from enhanced stability of Arrow or increa HFz5-LRP6C
membrane levels of Arrow. Furthermore, fus
Drosophila Fz2 to Arrow will increase oligomerizatir

and therefore increase the signaling activity of Arrov B

Frizzled receptors are known to form constitutive hc 1400 I
oligomers (Kaykas et al., 2004). 1200 1

To explore these possibilities, we fused — gg 3¢ [Tl Control dsRNA
intracellular domain of LRP6 to the C terminus of hui s Il Dsh dsRNA
FZ5, forming HFz5-LRP6C, then tested the signe 2 800 HFz5-LRP6C
activity of this chimera in S2 cells. HFz5-LRP6C \ 2 6001
much more active than human FZ5 or LRR6(Fig. 7), )
consistent with the previous findings (Tolwinski et E 4001
2003). Furthermore, mutating three residues essent 200-
human FZ5 function, Arg263, Leu443 and Lys52: £ I = 0n Bs |
HFz5-LRP6C, decreased the signaling activity of 0
chimera to a level similar to that of LRP6 alc HFz5 = + = + = = = =
suggesting that human FZ5 is essential for signalir LRP6 =— - + + = = = =
the chimera. Mutating these residuesin HFz5-LRP6! HF25-LRP6C = - = = 4 = = -
not affect the membrane concentration of these pro
as demonstrated by membrane biotinylation (Fig HFZSRALRPEC = = = = = + = =
Importantly, the signaling activity of HFz5-LRP6C v HFZ5LA-LRP6C = = = = = = 4 =
Dsh-dependent, while the residual activity of mut HFz5 KA-LRP6C — - e e m = =

HFz5-LRP6C was Dsh independent (Fig. 7). Since

signaling activity of LRP6 is strictly Dsh-independ  Fig. 7. Strong synergy between human FZ5 and LRP6 in BMgetenin

(Fig. 4), the residual activity of mutated HFz5-LRP6 signaling by fusing the intracellular domain of LRP6 to human FZ5.

most probably contributed by only the LRP6 part of  (A) Schematic representation of human FZ5, LRP6 and the HFz5-LRP6
chimera, and the higher signaling activity of HF chimera. The intracellular domain of LRP6 was fused to the C terminus of
LRP6C could not result from enhanced O“gomerize human FZ5 to form HFz5-LRP6C. The C terminus of HFz5-LRP6C was

of LRP6. Taken together, these data suggest that Fr fused with GFP. (B) Hyperactivity of HFz5-LRP6C. S2 cells were treated
and LR.P synergize Wi’len the two proteins are with control or Dsh-dsRNA and transfected with the indicated plasmids.

imit As control, Arg263, Leu443 or Lys525 of human FZ5 was mutated in
pro Y- HFz5-LRP6C. Membrane expressions of HFz5-LRP6C and its mutants

Enhanced Whnt signaling activity with were determined by the membrane biotinylation assay (insert).

dimerization of human FZ5 and LRP6

In the experiment shown in Fig. 7, we could not confirm thaRequirement of free Wnt proteins can be bypassed

the LRP6 region of HFz5-LRP6C played an active signalindy fusing Wnt to either Frizzled or LRP

role. Therefore, it remains possible that tethering théf a major function of Wnt is to bind to both LRP and Frizzled

intracellular domain of LRP6 to human FZ5 changes théo form a signaling complex, the requirement for free Wnt
conformation of human FZ5, rendering it hyperactive. Toproteins might be by-passed by fusing Wnt to either of the two
exclude this possibility, we generated additional chimeras. receptors.

As NT3 is the ligand for TrkC, we fused NT3 to the N It has previously been shown that fusing XWnt8 to the N
terminus of human FZ5 via a Gly-rich sequence linker tderminus of human FZ5 results in a hyperactive molecule
form NT3-HFz5 (Fig. 8A). Like human Fz5, NT3-HFz5 (Holmen et al.,, 2002). We generated a similar chimera by
had no signaling activity by itself, but strongly synergizedfusing Wg to the N terminus of human FZ5 (Fig. 9A); as
with Wg (Fig. 8B). Importantly, NT3-HFz5 strongly anticipated, this chimera is hyperactive in S2 cells (Fig. 9B).
synergized with TrkN-LRP6C, which contains the The signaling activity of Wg-Fz5, like that of co-expression of
extracellular domain of TrkC, but not with LRERS (Fig. = Wg and human FZ5, was found to be dependent on both Arrow
8B). Likewise, TrkN-LRP6C did not synergize with humanand Dsh (Fig. 9B).

FZ5 or with NT3-HFz5 K535A (Fig. 8B). Furthermore, the We next tested whether the requirement for wild-type Wnt
synergistic activity of TrkN-LRP6C and NT3-Fz5 was Dshprotein could be by-passed by fusing Wnt to LRP chimers.
dependent (data not shown), implying that the human FZ%/hen Wg was fused to the N terminus of TrkN-LRP6C, with
part of the NT3-HFz5 chimera played an active signalinghe Trk region serving as a linker (Fig. 9A), the product, Wg-
role. These experiments further strengthen the argument thatkN-LRP6C, was found to be much more active in fhe
bringing LRP and human FZ5 into proximity significantly catenin reporter assay in S2 cells than were TrkN-LRP6C or
increases their signaling activity via tBecatenin signaling free Wg plus TrkN-LRP6C (Fig. 9D). Importantly, the activity
pathway. of Wg-TrkN-LRP6C was Dsh dependent (Fig. 9D), indicating
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predicts that the main function of the Wg region of the Wg-

A trRP6 T (I —{[iic—— HFz5 chimera is to interact with LRP, while the primary role
LRP6AN [ I of the Wg region of the Wg-TrkN-LRP6C chimera is to interact
TrkN-LRP6C ST ] with Frizzled. Thus, these chimeric receptors provided an
HEZ5 opportunity to test the role of palmitoylation in the interplay

of Wnt with its two putative receptors.
NT3-HFz5 ez We first generated a Wg mutant (WgCS), with the conserved

potential palmitoylation site Cys93 mutated to Ser, and tested
its signaling activity in S2 cells. As shown in Fig. 9C, WgCS

B was expressed at a similar level as Wg (data not shown),
14007 but completely lacked signaling activity, confirming the
120071 importance of palmitoylation. Mutating Cys93 to Ser in Wg-
S 1000 Fz5 (WgCS-HFz5) also severely affected the signaling activity
'§ 8004 of Wg-Fz5 without altering its membrane localization (Fig.
g 9C). Assuming that the primary role of Wg in the Wg-HFz5
_‘g 6007 chimera is to interact with Arrow, these results imply that the
oS 4007 palmitate modification of Wnt proteins is important for the
% 00 interaction between Wnt and LRP.
0 We next mutated Cys93 to Ser in Wg-TrkN-LRP6C to
Wg - - - ++ +4+ - - - - - - make WQCS-TrkN-LRP6C, and tested its signaling activity
HEZ5 - 4+ = = 4- = - = -« + - in S2 cells. Although WgCS-TrkN-LRP6C and Wg-TrkN-
LRP6C were present at similar levels in the membrane, the
NTSHFZ5 - - 4 - -+ - - -+ -+ signaling activity of WgCS-TrkN-LRP6C is significantly
NTSHFZ5KA - - - - - - 4+ -- -+ -- lower (Fig. 9D), suggesting that palmitoylation of Wnt is
TN-LRP6C = = = = = = - + + 4+ + - important for its binding to Frizzled. Consistent with this
LRP6AN - - - - - - - -+ ---+ result, the WgCS-HFz5 mutant was significantly more active

; ) . : than human FZ5 plus WgCS, although the expression level
Fig. 8.Strong synergy between TrkN-LRP6C and NT3-HFz5 in .
Wnt/B-catenin signaling. (A) Schematic representation of human ~ ©f WGCS-HFz5 was lower than that of human FZ5 (Fig. 9C),
FZ5, LRP6 and the NT3-HFz5 chimera. NT3 was fused to the N SO the signaling activity of WgCS can be partially rescued by
terminus of human FZ5 to form NT3-HFz5. (B) Synergetic effect of fusing WgCS to human FZ5. This is consistent with the
TrkN-LRP6C and NT3-HFz5 on LEF-dependent transcription. S2  hypothesis that palmitoylation of Wnt might be important for

cells were transfected with the indicated plasmids. Luciferase the binding of Wnt to Frizzled. However, it is also possible

activities were measured 48 hours after transfection. that fusion of human FZ5 to WQCS enhances secretion
of WgCS (Nusse, 2003) or tethers WQCS to the plasma
membrane.

involvement of Frizzled. As the signaling activity of various

forms of LRP6 was Dsh independent (Fig. 4; data not shownfhysical interactions between Wnt and Frizzled or

hyperactivity of Wg-TrkN-LRP6C was not simply a result LRP

of enhanced expression or oligomerization of the LRP@&\Ve have provided evidence to suggest that the major function

domain. Presumably, the Wg fragment of the WQg-TrkN-of the extracellular domain of LRP is to bind to Wnt, and that

LRP6C chimera interacts with a Frizzled protein endogenoud/nt most probably triggers thcatenin pathway by forming

to S2 cells (Schweizer and Varmus, 2003). Frizzled-LRP oligomers. However, the binding of Wnt to LRP
Taken together, the above experiments demonstrate that tiseless well established than the binding of Wnt to Frizzled

requirement for native Wnt protein fdi-catenin-mediated (Tamai et al., 2000; Wu and Nusse, 2002). We therefore

signaling can be by-passed by fusing Wnt to either Frizzled axamined the binding between Wnt and LRP using a liquid

LRP. This is consistent with the Wnt-induced dimerizationbinding assay in which conditioned medium (CM) from Rat2

model. cells overexpressing HA-tagged Wnt3A was mixed with CM
) . ) from 293 cells overexpressing the extracellular domain of

Potentlal roles for Wnt palm|toylat|on revealed by LRP6 tagged with the immunoglobulinFc epitope (LRP6-

Wnt-Frizzled and Wnt-LRP chimeras IgG) or the extracellular domain of LDL receptor tagged with

Whnt proteins are palmitoylated at the conserved Cys residihe immunoglobuling Fc epitope (LDLR-IgG). Wnt3A bound
closest to the N terminus in the Wnt family of proteins, ando LRP6N-IgG, but not to LDLR-IgG (Fig. 10A), consistent
this modification is required for the function of Wnt proteinswith a previous report (Tamai et al., 2000). Notably, the
(Willert et al., 2003). It is not known, however, why Wnt3A palmitoylation mutant (C77S) bound less well to
palmitoylation is required for Wnt function. Although LRP6-IgG. In addition, we examined the ability of mFz8CRD-
palmitoylation does not appear to be required for secretion ¢fiG to interact with Wnt3A and Wnt 3A C77S, and found that
at least some Wnt proteins, it might facilitate the ability of WntwWnt3A C77S also bound less well to mouse Fz8CRD (Fig.
to interact with Frizzled, LRP, or some unknown molecules10B).
alternatively, the palmitate group may promote membrane Taken together, our results confirm the binding between Wnt
localization of Wnt. and LRP and further demonstrate that palmitoylation of Wnt
A model of Wnt-dependent dimerization of receptorsis important for its binding to both Frizzled and LRP.
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Fig. 9. Requirement of Wg can be by-passed by fusing Wg to human FZ5 or LRP6 and mutating the palmitoylation site of Wg reduces the
activity of both chimeric receptors. (A) Schematic representation of human FZ5, TrkN-LRP6C, Wg-HFz5, Wg-TrkN-LRP6C. Wgiwas fuse
the N terminus of human FZ5 to form Wg-HFz5. Both human FZ5 and Wg-HFz5 were fused with GFP at their C termini. Wg wesd &bso fus
the N terminus of TrkN-LRP6C to form Wg-TrkN-LRP6C. (B) Hyperactivity of Wg-HFz5 requires both Arrow and Dsh. S2 cellsatede tre
with control-, Arrow- or Dsh-dsRNA, and transfected with the indicated plasmids. Luciferase activities were measured #8rhours a
transfection. (C) Mutating C93, the potential palmitoylation site of Wg, reduces the signaling activity of Wg-HFz5. The eermressions

of human Fz5, Wg-HFz5 and WgC93S-HFz5 were determined by membrane biotinylation and immunoblotting with anti-GFP antibodies
(insert). (D) Wg-TrkN-LRP6C is a Dsh-dependent hyperactive chimeric receptor and mutating the palmitoylation site of Wtheeduces
activity of this chimera. The membrane expressions of TrkN-LRP6C, Wg-TrkN-LRP6C and WgC93S-TrkN-LRP6C were determined by

membrane biotinylation and immunoblotting with anti-TrkC antibodies (insert).

Discussion domain of Dvl directly binds to a peptide of C-terminal region
Although the [(-catenin degradation complex has beenof Frizzled containing the Lys-Thr-x-x-x-Trp motif, and this
carefully studied (Peifer and Polakis, 2000), little is knownpeptide can inhibit Wng-catenin signaling itkenopugWong
about how a Wnt signal is transduced across the plasne al., 2003). However, the binding is relatively weak~k0
membrane to regulate tifecatenin degradation complex. In uM). Our results suggest that multiple regions of Frizzled
this study, we have provided strong evidence supportingiight be involved in the binding with Dvl and could increase
conclusions that the role of the extracellular domain of LRP ithe binding affinity.
to interact functionally with Wnt proteins and that Wnt proteins The same structural elements may be required for Frizzled
act by forming hetero-oligomers of Frizzled and LRP. to function in both the planar polarity and tiiecatenin
What is the mechanism by which Frizzled transduces a Witathways, as membrane translocation of Dvl has been
signal? We have found that the mutations that disrupt thinplicated in planar polarity signaling (Axelrod, 2001,
signaling activity of Frizzled also affect the ability of Frizzled Rothbacher et al., 2000), and residues essential for the activity
to induce membrane translocation of Dvl and reduce physicalf Frizzled in -catenin signaling are also important for
interaction between Frizzled and Dvl (Fig. 3), suggesting thatrizzled-induced translocation of Dvl to the plasma membrane
a physical interaction between Frizzled and Dvl is required fo¢Fig. 3). It is possible that other proteins in the Frizzled-Dvl
the signaling activity of Frizzled. We propose that Frizzledcomplex, such as LRP if-catenin signaling and Flamingo
might function as a docking site for Dvlfacatenin signaling. in planar polarity signaling, determine the signaling
Our results are consistent with a previous finding that the Lyssonsequences of interaction between Frizzled and Dvl.
Thr-x-x-x-Trp motif at the C-terminal tail of Frizzled is not What is the role of LRP in transmitting the Wnt signal and
only required for activatings-catenin signaling, but also for what is the function of its extracellular domain of LRP for
inducing Dvl membrane translocation (Umbhauer et al., 2000)eceiving the Wnt signal? An in vitro binding assay has
Interestingly, a recent study has demonstrated that the PDxiggested that Wntl is able to bind to the extracellular domain
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7 SRS " (Fig. 6), suggesting a physiological role for a direct, or indirect,

N e i _: _: :_ interaction of Wnt with the extracellular domain of LRP.
LDLR4gG il :_ IS Rt LRP can also transmit a signal vacatenin without a
LRPEN-GG — — 4 — — + requirement for Wnt (Mao et al., 2001a; Mao et al., 2001b;

Schweizer and Varmus, 2003). We have taken advantage of two
Pull-down “""AE commonly used inducible oligomerization strategies to
Input a-HA demonstrate that oligomerization of LRP6 increases its
signaling activity and its interaction with Axin (Fig. 4).

B Interestingly, it has been shown that the second cysteine-rich

Wnt3A-HA + + + = = = domain of DKK2 stimulates3-catenin signaling via LRP
Wnt3ACS-HA = = = + + + independently of Dvl (Li et al., 2002). Further experiments are

LDLR-IgG = + = = + = needed to determine whether this DKK2 fragment activates
mFz8CRD-Ig6 - - + - - + LRP by altering the oligomerization status of LRP.

Pull-down a-HA‘ -— ‘ A recent study has suggested that _the e_zxtrace_lll_JIar domain
PSR of LRP m|_ght r)egz_mvely r_egulate the S|gnallng activity of LRP
N I..b---| through dimerization, which can be relieved by Wnt proteins

(Liu et al., 2003). By contrast, we have shown that the signaling

activity of LRP was markedly increased by oligomerization

Conditioned medium of Rat2 cells expressing HA-tagged Wnt3A or (Fig. 4). The source of this discrepancy is current'ly unclear.
Wnt3A C77S was mixed with conditioned medium of 293 cells However, we have found that, when overexpressed in 293 cells,

expressing LDLR-IgG (A,B), LRP6N-IgG (A), mFz8CRD-IgG (B), full-length LRP6 was less efficiently transferred to the plasma
and incubated protein G-agarose beads. Precipitates were washed membrane than was LREBR (Fig. 5), an observation that
and fractionated by SDS-PAGE, and immunoblotted with anti-HA  correlated with the lower signaling activity of LRP6. In
antibodies (upper panel). Input of Wnt3A in this pull down assay waaddition, upon co-expression of MESD, a chaperone of LRP,
determined by immunoblotting with anti-HA antibodies (lower the signaling activities of LRP6 and LR&6 became
panel). equivalent (Fig. 5). These data suggest that the low signaling

activity of full-length LRP6 is most likely due to its poor

membrane localization, and strongly argue against a negative
of LRP (Tamai et al., 2000), but analogous binding was natle of the extracellular domain of LRP in Wnt signaling. It
observed in studies with Wg protein (Wu and Nusse, 2002should be also noted that only dimers of LRP6 could be
Results from in vitro binding assays need to be treatethduced in the previous study (Liu et al., 2003), whereas we
cautiously, as the concentrations of ligands and receptors irave used LRP6 fusion proteins able to form oligomers. We
these assays could be significantly higher than in physiologichlave found that AP20187 increased the signaling activity of
situations, and certain components normally involved InLRPBAEGF fused to two copies of FKBP (Fig. 4), but did not
formation of the receptor complex could be missing in thesaffect the signaling activity of LRREGF fused to one copy
assays. Therefore, functional data are necessary to addressahe=KBP (data not shown). It is possible that in different
significance of potential binding between Wnt and LRP. Weonditions of dimer and oligomer formation, the intracellular
have shown that the extracellular domain of LRP can bdomains of LRP6 are placed at different positions relative to
functionally replaced by the extracellular domain of Frizzledeach other, affecting the ability to bind to Axin.

Although Wnt can bind to both Frizzled
and LRP, both receptors are essential for
transducing the Wnt signal. It is possible
LRP Frizzled LRP Wnt Frizzled that Wnt, Frizzled and LRP form one

O signaling complex. Alternatively, Wnt
proteins might form separate complexes
with Frizzled and LRP, which turn on
separate signaling pathways that converge
downstream.

We have provided several lines of

evidence that support the first model, and
our data suggest that bringing Frizzled and
/ LRP into proximity is sufficient to trigger

Fig. 10.Physical interactions between Wnt3A and its palmitoylation
site mutant with the extracellular domain of LRP6 and mouse Fz8.

VVV|

Axin @ signaling througtB-catenin signaling. We
“inactivated have shown that the Wnt signaling
Dvl pathway can be fully stimulated by

B-catenin.v GSK3 oligomerizing Frizzled and LRP either

\ . . through the intracellular region, by directly
' degraded . -' Fig. 11.A model for transducing the Wnt

signal by Frizzled and LRP (see Discussion).
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fusing the intracellular domain of LRP6 to the C terminus obf GSK3 or dissociation of the Axin-GSK3 complex.
human FZ5 (Fig. 7), or through the extracellular region, by cobephosphorylated Axin appears to be less stable (Yamamoto
expressing TrkN-LRP6C and NT3-HFz5 (Fig. 8). Furthermoreet al., 1999) and bind¥catenin less efficiently (Willert et al.,

we have shown that the requirement for free Wnt proteins cal99). It is currently unknown how membrane translocation of
be bypassed by fusing Wnt to either Frizzled or LRP (Fig. 9)Axin is coupled to dephosphorylation and destabilization of
These results suggest that Wnt, Frizzled and LRP form a singkxin. More work will be necessary to illustrate fully the
signaling complex, and the function of Wnt is to form a bridgemolecular mechanism by which Wnt induces the stabilization
between Frizzled and LRP. We recognize, however, that Wnof 3-catenin.

induced oligomerization of endogenous Frizzled and LRP in

living cells has not been demonstrated, nor have we We thank Bart Williams, Xi He, Jen-Chih Hsieh, Richard Mann,

; ; Hans Clevers for providing reagents critical to this work, and William
In%(;]eq o_IIgomers. d suffici bring LRP and Frizzled 2° and Suzanne Ortiz for reading the manuscript. F.C. is supported
. yls.'t necessary and su iclent to ring andrrzzie y a Susan G. Komen Breast Cancer Foundation postdoctoral
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