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Wnt/�-catenin signaling controls cell growth during devel-
opment, and its misregulation in adults can cause human dis-
eases. LRP6, the essential co-receptor for theWntpathway, con-
sists of four �-propeller domains flanked by epidermal growth
factor repeats in its extracellular region.Tounderstand themat-
uration and ligand-binding properties of individual BP
domains, we generated soluble receptor consisting of individual
BPs, as well as combinations of these domains. We show that
BP1, BP2, and BP4 each can be folded and secreted, and their
secretion was enhanced by co-expression of Mesd, a molecular
chaperone essential for LRP6 folding andmaturation. BP3 is not
secreted when expressed on its own or in combination with BP2
or BP1 and 2 (BP12); however, folding and secretion of BP3 is
vastly enhanced when expressed together with BP4. Similar
cooperative folding and maturation was observed between BP1
andBP2. These results suggest that BP1 forms a functional fold-
ing unit with BP2, whereas BP3 folds together with BP4. Using
these BP constructs, we also found that BP12 and BP34 consti-
tute independent ligand-binding domains capable of binding
Wnt3a, Dkk1, andMesd. The ability of Mesd to block the bind-
ing of both Wnt3a and Dkk1 to LRP6 enables this specialized
chaperone to function as aWnt signaling modulator. Together,
our studies reveal unique properties of the LRP6 BP domains
and provide novel tools to understand LRP6 function in ligand
binding and Wnt signaling. Our results also support the devel-
opment of soluble LRP6 receptors andMesd as potential thera-
peutic molecules that target Wnt signaling.

TheWnt signaling pathway is involved in various differenti-
ation events during embryonic development and can lead to
tumor formation when aberrantly activated (1–3). Wnts are
secreted glycoproteins that engage two cell surface receptors:
seven transmembrane receptors of the Frizzled family and low
density lipoprotein receptor (LDLR)3-related protein 5/6

(LRP5/6). In the absence ofWnt ligands, �-catenin is phospho-
rylated by the multiprotein degradation complex, Axin-APC-
GSK3�, which marks it for ubiquitination and degradation by
the proteasome.Wnt signaling thus stabilizes �-catenin, which
in turns translocates to the nucleus and associates with TCF/
LEF transcription factors. This interaction leads to the tran-
scription of Wnt target genes, which are involved in the regu-
lation of cell proliferation and development (4).
LRP6, a type I transmembrane protein of LDLR family, is an

essential co-receptor for canonical Wnt signaling. Due to its
indispensable role in Wnt signaling during early development,
mice deficient in LRP6 are perinatal lethal and exhibit compos-
ite defects that resemble those phenotype caused by the muta-
tions in several Wnt genes (5). Recently, LRP6 mutations were
also found to be directly associated with human diseases,
including coronary artery disease, hyperlipidemia, and osteo-
porosis (6–7), suggesting the importance of proper LRP6
expression and regulation. The extracellular region of LRP6,
which is critical in ligand-dependent regulation of Wnt signal-
ing is composed of four distinct YWTD �-propeller/EGF
domain pairs (BPs), followed by three LDLR type A repeats (3).
Although the BP domains in the LDL receptor function to facil-
itate endosomal release of ligands, several studies have shown
that the LRP6 BP domains actually bind ligands and comprise
the functionally distinct ligand-binding domains (3). For exam-
ple, although the predicted structures of different BP domains
display significant homology (8), it has been shown that the
second BP domain of LRP6 can functionally replace the BP
domain of LDLR to induce ligand dissociation at low pH,
whereas the fourth BP cannot (9), implicating the functional
diversity among individual LRP6 BPs.
Dkk1, the foundingmember of the dickkopf (Dkk) family and

a secreted antagonist for Wnt signaling, was identified as an
embryonic head-inducer in Xenopus development (10). Dis-
tinct from several families of secreted Wnt antagonists that
bindWnts, including the secreted Frizzled-related protein fam-
ily, Dkk1 does not bind Wnts but exhibits high affinity to
LRP5/6 through which Dkk1 serves as a specific antagonist for
Wnt/�-catenin pathway (11–13). It was proposed that Dkk1
inhibitsWnt signaling probably by preventing Frizzled-LRP5/6
complex formation in response toWnt (13), a mechanism sup-
ported by mouse genetic studies (14). Alternatively, the inhibi-
tion may result from Dkk1 binding to LRP6 together with a
transmembrane protein Kremen, which triggers rapid internal-
ization and down-regulation of LRP6 from the cell surface (15),
although a recent study has challenged this possibility (16).
Given that Dkk1 plays a crucial role in regulating bone density,
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joint remodeling, and suppression of tumor formation, and is
implicated in several human diseases such as osteoporosis and
cancers (17), further understanding of themechanism of Dkk1-
LRP6 interaction may raise future therapeutic approaches for
interfering with their interactions.
A specialized chaperone for members of LDLR family,

termed Mesd (mesoderm development) in mouse and Boca in
Drosophila, was discovered due to its requirement for the
proper folding of LRP5/6 and theirDrosophila homolog Arrow
(18–19). In the absence of Mesd, LRP5/6 were found to be
retained in the ER, failing to reach the cell surface. Conse-
quently, the mice with Mesd deficiency were embryonic lethal
and show phenotypes resembling that seen in Lrp5/6-deficient
orwnt3�/� mutantmice (5). Additionally, it was demonstrated
thatMesd/Boca is specifically required for thematuration of BP
domains within LDLRs for their trafficking through the secre-
tory pathway (19). Given that the �-propeller/EGF clusters
account for the majority of the extracellular regions of LRP5/6,
studying howMesd interacts with LRP5/6 is especially intrigu-
ing. Our previous studies have shown that Mesd can also bind
to mature LRP5/6 at the cell surface and antagonizes Dkk1
binding to these receptors (20). The structure ofMesd was pre-
dicted to consist of a central folded domain flanked by unstruc-
tured N- and C-terminal regions, which are required for matu-
ration of LRP6 (21). It has been proposed that, as a specialized
chaperone, these flexible structures ofMesdmay confer advan-
tage to the recognition of distinct BP pairs that may possess
functional difference (21).
Wnt/�-catenin signaling is tightly modulated by secreted

ligands/antagonists that bind to LRP6 at the cell surface. Previ-
ous studies using deletion approachmappedWnt ligands bind-
ing to the first two BP domains from the N terminus (12),
whereas Dkk1 was shown to interact with the third and fourth
BP pairs of LRP6 (13). Currently, the combinations of LRP6 BP
regions that are functional ligand binding units, and the
requirement for Mesd in the folding of each BP have not been
systematically examined. We are interested in dissecting the
dependence of proper folding of individual or combinations of
LRP6 BP domains on Mesd and understanding which BP
domains are sufficient for binding to several known LRP6
ligands, including Wnt3a, Dkk1, and Mesd.

EXPERIMENTAL PROCEDURES

Materials—Human recombinant Dkk1 protein and mouse
recombinant Wnt3a protein were from R&D Systems. The
preparation of recombinantMesd protein was described previ-
ously (20). Human LRP6 antibodies (R&D), Wnt3a antibodies
(R&D), Dkk1 antibodies (R&D), anti-FLAG antibodies (Sigma),
anti-Myc antibodies (Sigma), or anti-actin antibodies (Sigma)
were used according tomanufacturers’ instructions. Polyclonal
rabbit anti-Mesd antibody was produced by immunizing rab-
bits with purifiedMesd protein. Monoclonal anti-HA antibody
has been described before (22).
Cell Culture and Transfection—BHK570 were cultured in

Dulbecco’s minimal essential medium supplemented with 10%
fetal bovine serumand 1% L-glutamine, andmaintained at 37 °C
in humidified air containing 5% CO2. For transient transfec-
tion, BHK570 cells were transfected with various plasmids at

90% confluence using Lipofectamine 2000 according to the
manufacturer’s instructions. For Mesd knockdown and BP
secretion studies, BHK570 cells were grown to 60–70% conflu-
ence, andmedia were replaced with Dulbecco’s minimal essen-
tial medium supplemented with 1% fetal bovine serum and 1%
L-glutamine. Cells were transfected with control or Mesd
siRNA and indicated plasmid cDNA using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s specifications.
Negative control siRNA were purchased from Ambion. Mesd
siRNAswere synthesized from Invitrogen, and the sequences of
siRNA oligonucleotides were as follows: 5�-CCAGGCAAACC-
UGAGAGCAUCUUGA-3� and 5�-AGAAAGGGAAGACU-
CUGAUGAUGUU-3�.
Generation of LRP6BPConstructs—The schematic represen-

tation of BPs is illustrated in Fig. 1. Briefly, human LRP6 cDNA
(kindly provided by Dr. Christof Niehrs, Deutsches Krebsfors-
chungszentrum, Heidelberg, Germany) was used as the tem-
plate for PCR. Each BP was constructed by subcloning PCR
products into the BamH1/XbaI sites of mLRP4T100 backbone
whose construction has been described previously (23). BPs
were placedC-terminal to signal peptides andHAepitope; each
BP includes YWTD �-propeller and EGF repeat (residues
20–324 for BP1; 325–628 for BP2; 629–929 for BP3; 930–1243
for BP4; 20–628 for BP12; 325–929 for BP23; 629–1243 for
BP34; 20–929 for BP123; 325–1243 for BP234; 20–1243 for
BP1234, see Ref. 24 for amino acid numbering). All constructs
derived from PCR were confirmed by sequencing.
Preparation of BPs and Dkk1 Conditioned Medium—

BHK570 cells were transiently transfected with HA-tagged
BP12, BP34, or BP1234 together with Mesd. 6 h later, media
were replaced with Dulbecco’s minimal essential medium sup-
plemented with 1% fetal bovine serum and 1% L-glutamine.
Secretion of soluble BP12, BP34, and BP1234 was allowed to
proceed for 48 h. The culture media were collected and centri-
fuged for removal of cell debris and were concentrated 30-fold
with Centriprep YM-30 (Amicon). The control conditioned
medium (CM) was produced by exactly the same procedure as
the preparation of BP CM except pcDNA was transfected into
cells instead of HA-tagged BP constructs. The amount of BP
proteins secreted in the CM was quantified by immunoblot
using pure Fc-LRP6protein (R&D) as standard. For preparation
of Dkk1 CM, HEK293 cells were transfected with an Myc-
tagged Dkk1 construct. Conditionedmedia were collected 48 h
after transfection and concentrated 10-fold. All preparations of
CMwere aliquoted and stored at�80 °C. Total protein amount
was measured with Bio-Rad protein assay.
Western Blotting—BHK570 cells were transiently transfected

with pcDNA, HA-tagged BPs together with pcDNA or with
FLAG-taggedMesd. 6 h later, culturemedia were replacedwith
Dulbecco’s minimal essential medium supplemented with 1%
fetal bovine serum, and the secretion of BPs proceeded for 48 h.
Cells were lysed at 4 °C for 30 min, and culture media were
concentrated with Centricon YM-10 (Millipore) at 4 °C. Equal
quantities of protein were subjected to SDS-PAGE under
reducing conditions. Following transfer to Immobilon-P trans-
fer membrane, successive incubations with indicated primary
and horseradish peroxidase-conjugated secondary antibodies
(Amersham Biosciences) were carried out according to manu-
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facturer’s specification. The immunoreactive proteins were
then detected using the ECL system.
Solid-phase Binding Assay—Briefly, 96-well plates were

coated with recombinant Wnt3a (1 �g/ml), rDkk1 (10 �g/ml),
or rMesd (100 �g/ml) in coating buffer (1.7 mM NaH2PO4-
H2O, 98mMNa2HPO4-H2O, 0.1% sodium azide, pH 7.4) at 4 °C
overnight, and nonspecific sites were blocked with 2% bovine
serum albumin in phosphate-buffered saline buffer (PBS). The
wells were then incubated with control CM or BP CM contain-
ing equal amounts of BP1234, BP12, or BP34 for 18 h at 4 °C.
After five washes with PBS, the plates were incubated with
anti-HA antibody (1 �g/ml) for 1.5 h at 37 °C. After washing,
incubation with horseradish peroxidase-conjugated secondary
antibodywas carried out for 1.5 h at room temperature. Follow-
ing the final washing step, the reaction was revealed with TMB
substrate (3,3�,5,5�-tetramethylbenzidine, Sigma) and was
measured by an enzyme-linked immunosorbent assay reader at
650 nm.Recombinant humanLRP6-Fc (R&D),which is capable
of binding rDkk1, rWnt3a, and rMesd, in a functional enzyme-
linked immunosorbent assay (data not shown) was used to bind
the indicated coated proteins as positive control. Bovine serum
albumin coating (2%) and secondary antibody alone were used
as a negative control.
Co-immunoprecipitation—Control and BP CM were incu-

bated with rWnt3a (1 �g/ml), rDkk1 protein (1 �g/ml), or
rMesd protein (10 �g/ml) for 16 h at 4 °C. Then, the immuno-
complexeswere incubatedwith anti-HAantibody for 2 h at 4 °C
and were precipitated with immobilized protein A-agarose
beads for 45min. The beadswerewashed twicewith PBSc (PBS,
0.5 mM Mg2�, 1 mM Ca2�, 0.5% Triton X-100), followed by an
extensive wash with PBS two times, and boiled in SDS sample
buffer containing �-mercaptoethanol. The supernatants were
subjected to SDS-PAGE and Western blotting. Protein
A-horseradish peroxidase (Sigma) and horseradish peroxidase-
rec-Protein G (Zymed Laboratories Inc.) were used for WB
detection instead of the traditional horseradish peroxidase-
conjugated secondary antibody to avoid the high background
signals resulted from the recognition of heavy chain and light
chain of the immunoprecipitation antibody (26).
Luciferase Reporter Assay—HEK293T/STF cells stably trans-

fected with the SuperTOPFlash luciferase reporter construct,
which contains 8 tandem copies of the TCF binding site (27)
were plated in black 24-well plates. Twenty-four hours later, the
medium was replaced with colorless L cell CM, Wnt3a CM, or
Wnt3a CM with addition of various reagents at 37 °C for 16 h.
Wnt signaling activation was measured using live cell imaging
technique in which cells were imaged for bioluminescence
using a charge-coupled device camera (IVIS 50, Xenogen).

RESULTS

Proper Folding and Secretion of BPs Are Facilitated by Co-
expression of Mesd—Previous studies showed that �-propeller/
EGF module requires Boca, the Drosophila homolog of Mesd,
for their folding and trafficking through the secretory pathway
(19). To investigate the folding properties and the requirement
of Mesd for individual BP domains of LRP6, we generated HA-
tagged soluble receptor constructs consisting of individual BPs,
as well as combinations of these domains shown as single, dou-

ble, triple, and quadruple �-propellers. Each BP monomer or
multimer (referred as BP1, BP2, BP3, BP4, BP12, BP23, BP34,
BP123, BP234, andBP1234; see Fig. 1A) containsYWTD�-pro-
peller and C-terminal EGF repeats. The Mesd dependence of
LRP6 BP1234 folding and trafficking was first examined. As
expected, co-expression of Mesd enhanced folding and secre-
tion of LRP6 BP1234 (Fig. 1, B and C), consistent with the
results thatMesd promotes LRP6 expression on the cell surface
(25). To investigate the minimal module required for secretion
of BPs and their responsiveness toMesd co-expression, we per-
formed a secretion assay in which cells were transfected with
single BPs with or without co-expression of Mesd. We found
that BP1, BP2, and BP4 each can be folded and secreted into the
medium of cultured cells, and that secretion of these proteins
was dramatically enhanced by co-expression of Mesd (Fig. 2, A
and B). However, we did not detect any secretion of BP3 even
with co-expression of Mesd, suggesting that BP3 cannot fold
properly on its own and was likely retained in the ER.
LRP6 BP12 and BP34 Constitute Functional Folding Units—

Given that BP3 itself cannot fold properly, we next tested
whether any other �-propeller/EGF pairs can be folded
together with BP3. Interestingly, neither BP23 nor BP123 can
properly fold and traffic through the secretory pathway (Fig. 3,
A and B). These results indicate that BP3 not only cannot fold
properly when expressed on its own or in combination with
BP2, but it also interferes in the folding of BP12. Surprisingly,
the folding and secretion of BP3 is vastly enhanced when
expressed together with BP4 even in the absence of Mesd co-
expression. Similar cooperative folding and maturation was
observed between BP1 and BP2, because BP12 was folded and
secreted much better than individual BP1 or BP2. As expected,
the folding and secretion of both BP12 and BP34 was facilitated
by Mesd (Fig. 3, A and B). Similar results were observed when
these cDNAs were transfected into several other cell lines (e.g.
Chinese hamster ovary and L cells) (data not shown). Consist-
ent with the idea that LRP6 BP12 and 34 are separate folding
units, BP2 impaired the folding of BP34 when expressed
together with BP3 and -4, resulting in the apparent misfolding
of BP234 even when Mesd was co-expressed (Fig. 3, A and B).
Taken together, these results imply that BP1 forms a folding
unit with BP2, whereas BP3 folds together with BP4.
To further examine whether endogenous Mesd is required

for the folding and secretion of LRP6 BPs, we knocked down
Mesd using an RNA interference approach and examined the
effect on the folding and secretion of LRP6 BPs. As expected,
depletion of endogenousMesd resulted in a dramatic reduction
in the secretion of all LRP6 BPs (Fig. 4). The intracellular BPs in
the cell lysates also showed a decrease in expression uponMesd
siRNA treatment, which is consistent with a previous study
(21). These data indicate that Mesd plays an indispensable role
in facilitating the proper folding and secretion of LRP6 BPs.
LRP6 BP12 and BP34 Are Functional Ligand Binding Units

Displaying Different Preferences for Individual LRP6 Ligands—
Previous deletion studies suggested that the first and second
�-propeller/EGF domains of LRP6 may interact with Wnt,
whereas the third and fourth domains are involved in binding to
Dkk1 (12–13). To evaluate the contribution of LRP6 BP12 and
BP34 domains to ligand binding, we performed solid phase
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binding assay in which the plates were coated with rWnt3a,
rDkk1, or rMesd followed by the analysis of binding ability of
BP12 and BP34. Consistent with previous results on LRP6-
binding properties (12–13, 20), BP1234, which consists of all
four BPdomains of LRP6, is capable of binding toWnt3a ligand,
its specialized chaperone Mesd, and the antagonist Dkk1 (Fig.
5,A–C). Surprisingly, both BP12 and BP34 are capable of bind-
ing all three ligands with slight preferences of BP12 for Wnt3a
and Mesd, and BP34 for Dkk1 (Fig. 5, A–C). Control CM was
used as a negative control to determine nonspecific binding. To
further confirm the ligand-binding properties of BP12 and
BP34, we assayed for their interaction with the indicated
ligands in solution by co-immunoprecipitation (Co-IP). In
agreement with the results of solid phase binding, Wnt3a

(Fig. 6A), Dkk1 (Fig. 6B), and Mesd
(Fig. 6C) proteins each co-immuno-
precipitated with both BP12 and
BP34. The amount of ligand that
was co-immunoprecipitated with
BPs was significantly above that
observed with control CM. Taken
together, these results demonstrate
that BP1 and -2, and BP3 and -4 not
only are separate folding units, but
also represent distinct functional
units in ligand binding.
LRP6 BP12 and BP34 CM Inhibit

Wnt Signaling—Several soluble
Wnt receptor domains, such as cys-
teine-rich domain (CRD) of fzd7,
Frizzled8CRD fusion proteins, se-
creted Frizzled-related protein1,
and dominant-negative form of
LRP5 (28–29, 36), have been
shown to act as secreted antago-
nists of Wnt signaling by seques-
tering Wnt ligands. To elucidate
whether LRP6 BP12 and BP34 can
also modulate Wnt signaling, we
treated HEK293T/STF cells with
Wnt3a CM together with control
CM, BP12, or BP34 CM. As pre-
dicted on the basis ofWnt3a ligand-
binding properties of BPs, treat-
ment of BP12 and BP34 CM led to a
�60% reduction in luciferase activ-
ity likely resulted from sequestra-
tion of Wnt3a ligand (Fig. 7).
MesdAntagonizes LigandBinding

to LRP6 �-Propeller/EGF Pairs—
Given thatMesd andWnt3a exhibit
overlapping binding regions on
LRP6, we examined whether Mesd
is able to block Wnt3a binding to
BPs. As expected, the presence of
Mesd blocked Wnt3a binding to
BP1234, BP12, and BP34 in the
Co-IP experiment (Fig. 8, A and B).

To confirm the above results, we examined the competition of
Wnt3a and Mesd binding to BPs using a solid phase binding
assay. Importantly, Mesd significantly competed with Wnt3a
binding to BP1234, BP12, and BP34 (Fig. 8C). We next tested
whetherMesd can blockDkk1 binding to LRP6 BPs usingDkk1
CM. Mesd can interfere with Myc-Dkk1 binding to BP1234,
BP12, and BP34 (Fig. 8D), consistent with our previous finding
that Mesd can antagonize Dkk1 binding to LRP6 on the cell
surface (20).
Mesd Is a Novel Inhibitor for Wnt Signaling—Because Mesd

binding regions were mapped to both BP12 and BP34 of LRP6,
we next examined the effect of Mesd administration on Wnt
signaling. As seen in Fig. 9, the presence of Wnt3a CM signifi-
cantly increased Wnt signaling reporter activity when com-

FIGURE 1. Co-expression of Mesd enhances secretion of LRP6 �-propellers. A, schematic representation of
HA-tagged LRP6 BP constructs. BP, �-propeller. Each of the BPs (�-propeller/EGF module) is depicted in com-
parison to the full-length LRP6. The four BP domains are labeled with 1, 2, 3, and 4. B, soluble LRP6 containing
all four BP domains (BP1234) was well secreted, and Mesd co-expression enhanced its maturation and secre-
tion. BP1234 were transiently transfected into BHK570 cells, with or without Mesd co-transfection. Secretion of
soluble BP1234 was allowed to proceed for 48 h, concentrated, followed by Western blot analysis of both
conditioned media and cellular lysates. Data show one representative experiment done in triplicate, and
�-actin was used as a loading control. C, the percentage of secretion was calculated by the quantitation of
Western blots from three independent experiments. **, p � 0.01 compared with pcDNA co-transfected cells.
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pared with the control L cell CM. Mesd protein inhibited
Wnt3a-induced Wnt signaling by up to 50% (Fig. 9) likely by
serving as a receptor antagonist to blockWnt ligand binding to
LRP6 (Fig. 8, A–C). Both truncated recombinant Mesd protein
(amino acids 150–195) and a synthetic Mesd peptide (amino
acids 155–191), each containing the C-terminal region ofMesd
that was previously shown to be necessary and sufficient for
LRP6 binding (20), also inhibited Wnt3a-induced Wnt signal-
ing. As a positive control, Dkk1, a potent inhibitor for LRP5/6-
mediated Wnt signaling, inhibited Wnt signaling by �95%.
Most interestingly, Mesd can also block Dkk1-induced Wnt
signaling inhibition in which Wnt signaling was partially
restored when both Dkk1 and Mesd peptide were applied (Fig.
9). Similar results were obtained when we assayed for free
�-catenin using the glutathione S-transferase-E-cadherin bind-
ing assay (41) (data not shown). The observation, that Mesd is
able to inhibit both Wnt3a- and Dkk1-induced effects on Wnt
signaling, is consistent with the above results that Wnt3a,
Dkk1, and Mesd probably share common or overlapping
binding sites on LRP6 (Figs. 5 and 6). Together, these results
demonstrate that Mesd is a novel antagonist for LRP5/6-
mediated Wnt signaling.

DISCUSSION

Wnt/�-catenin signaling plays an important role in control-
ling cell proliferation and cell fate during embryogenesis and

maintaining homeostasis in adult tissues; hence, the abnormal
regulation of Wnt signaling results in a variety of diseases,
including cancers and bone diseases (1–3, 30). The proper fold-
ing and trafficking of LRP5/6 to the cell surface is essential for
the transduction of Wnt signals. In this study, we extensively
analyzed the folding and ligand-binding properties of LRP6
BPs. We showed that BP1 forms functional folding and ligand-
binding domain with BP2. Similarly, BP3 forms a functional
domain with BP4. Efficient secretion of these BP pairs, even in
the absence of Mesd co-expression, suggests that individual
BPs may serve as “intra-domain chaperones” to promote the
folding of BP pairs. The cooperative folding may also initiate
structural interactionswithin theirBPpairswhichultimately serve
as functional ligand-binding domain withinmature receptors.
LRP5/6 has four �-propeller/EGFmodules and three LDL-A

ligand binding repeats. The formation of correct disulfide
bonds during receptor folding presents a challenging task for
ER chaperones. In similarity to the function of RAP, another
specialized molecular chaperone for the members of the LDLR
family, Mesd may primarily inhibit indiscriminate disulfide
bond formation, in particular among different domains within
the receptors during and after their translation (23, 31).
Domains translated early may complete their folding prior to

FIGURE 2. Co-expression of Mesd facilitates single LRP6 �-propeller BP1,
-2, and -4, but not BP3, folding and secretion. A, BHK570 cells were tran-
siently transfected with cDNAs for BP1, -2, -3, or -4, with co-transfection of
either vector pcDNA or Mesd. B, quantification of secretion efficiency from
Western blot analyses. Results shown in this figure and subsequent figures
are representative of three independent experiments.

FIGURE 3. LRP6 BP12 and BP34 are folding units whose secretion are
enhanced by Mesd co-expression. A, BP12, BP23, BP34, BP123, or BP234
were transiently transfected into BHK570 cells, with or without Mesd
co-transfection. The band shown in vector-transfected cells in cell lysate rep-
resents a nonspecific band, which co-migrated with BP12, BP23, or BP34.
B, quantification of secretion efficiency from Western blot analyses. The secre-
tion experiments were performed as described above. Note that cooperative
folding and maturation were observed between BP1 and -2 and BP3 and -4,
and that their secretion is enhanced by Mesd, suggesting that BP1/2 and
BP3/4 comprise functional folding units.
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the translation of subsequent domains. In case of LRP6, BP1
and -2 may be bound and folded by Mesd chaperone during or
immediately after their translation, followed by the folding of
BP3 and -4, whichmaintains the proper conformation and pre-
vents the incorrect intermolecular cross-linking of the newly
synthesized receptors.
Given that soluble and membrane-bound proteins generally

undergo similar post-translational folding and modification
along the secretory pathway, soluble receptor systems
described in this study may provide a useful strategy to analyze
the folding process of membrane-bound protein such as LRP6.
Similar types of analyses using soluble recombinant proteins in
the folding and trafficking of other membrane proteins have
been performed (23, 39). In the case of soluble LRP6, reduced
secretion of BPs likely results from the misfolded proteins,
which aggregate and are retained in the ER. In addition, this
system can also be applied to dissect the structural elements
that are essential for the chaperone function of Mesd in recep-
tor folding. For example, previous studies have determined the
core region structure of Mesd by NMR (32), and a predicted
unstructured region ofMesd has been suggested to be required
forMesd function (21). It will be of interest to examine whether
a given domain or certain amino acids within Mesd are crucial
for its chaperone function on individual BPs or their combina-
tions. It is likely that the chaperone function requires multiple
interactions between Mesd and the receptors to maintain a
proper conformation for correct receptor folding. Further-
more, a recent study showed that a spontaneous pointmutation

located in the third BP of LRP6 results in reduced affinity of
LRP6 mutant protein to Mesd. Due to this decreased associa-
tion, the targeting of LRP6 to the cell surface andWnt signaling
were impaired, which leads to low bone mass phenotype in
mice (7). These results further highlight the importance of
understanding the interaction between LRP6 and Mesd.
In our current study, we showed that Mesd enhances the

folding and secretion of BP1, BP2, BP4, BP12, BP34, and
BP1234. However, in a previous study (19), it was shown that
BP2 from Arrow (Drosophila homolog of LRP5/6) is not
secreted in wild-type cells, which express Boca (Drosophila
homolog of Mesd). There are several possibilities that might
account for the difference between ours and their studies. First,
the folding and secretion mechanism of human LRP6 BP may
be different from that of Drosophila Arrow. Second, mamma-
lian cells were used as the experimental system in the current
study for LRP6, whereas insect cells were used in previous study

FIGURE 4. Knockdown of endogenous Mesd impairs the folding and
secretion of LRP6 BPs. A, BHK570 cells were transfected with Mesd siRNA or
control siRNA and cDNAs for BP1, -2, -3, and -4, BP12, BP34, or BP1234. Secre-
tion of BPs was analyzed as described in the previous figures. A representative
result of LRP6 BP1234 is shown. Secretion of this BP was strongly suppressed
when the endogenous Mesd was knocked down. B, quantification of secre-
tion efficiency of LRP6 �-propellers from Western blot analyses. Values are the
average of triple determinations from at least two independent experiments
with the S.D. indicated by error bars.

FIGURE 5. LRP6 BP12 and BP34 are functional units displaying different
preferences for the LRP6 ligands: Wnt3a, Dkk1, and Mesd. Solid phase
binding assays in which A, recombinant Wnt3a, B, recombinant Dkk1, and C,
recombinant Mesd were coated onto the 96-well plates, followed by the incu-
bation of control, LRP6 BP1234, BP12, or BP34 CM. CM, conditioned media.
The amount of secreted BP1234, BP12, and BP34 in CM were previously quan-
tified by in comparison to Fc-LRP6 pure protein (R&D) with known concentra-
tions in Western blot analysis, and the same amount of BPs was applied.
Values are the average of triple determinations with the S.D. indicated by
error bars. Note that Wnt3a and Mesd display a preference for BP12, whereas
Dkk1 binds better to BP34. *, p � 0.05; **, p � 0.01 compared with control CM.
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for Arrow. Third, our present study includes both overexpres-
sion and knockdown approaches, whereas only knockdown
approach was employed in the previous study. Future studies
are needed to further define the folding and secretion proper-
ties of LRP6 BPs. Nonetheless, both our study and the previous
report (19) have clearly demonstrated the unique properties of
individual LRP6 BPs and their dependence on Mesd/Boca to
fold their complex structures.

LRP5/6 receptors are also subject tomodulation by the inter-
actions of their ligands/antagonists, throughwhichWnt signal-
ing is regulated. Previous deletion studies showed that LRP6
BP12 and BP34 each represent separate binding sites for either
Wnt or Dkk1, respectively (12, 13). Given that Dkk1 is a high
affinity ligand for LRP6 (Kd � 0.3 nM) and its inhibition ofWnt
signaling strictly depends on its binding to LRP5/6 (13), it is
likely that Dkk1 andWnt compete for the same binding site on
LRP6. However, we cannot rule out the possibility that Dkk1
binding to LRP6 leads to conformational changes that prevent
LRP6 interaction with Wnt. In addition, several LRP5 muta-
tions associated with high bone density syndromes and previ-
ously shown to prevent Dkk from binding to LRP5 are located
in the first BP domain (33) rather than domain 3 or 4. This
suggests that BP34may not be the only site for Dkk1 binding on
LRP5, and this possibility was confirmed by the observation
that Dkk1 can also bind to the BP12 of LRP5 (34), and probably
to LRP6 as well, because LRP6 is also involved in bone metab-
olism (7). In the present study, we demonstrated that LRP6
BP12 and BP34 are functional units displaying different ligand
binding preferences. Using direct binding assays, we showed
that, despite BP12 andBP34 favoring binding toWnt andDkk1,
respectively, the other BP domains also exhibit affinity to these
two ligands.Our observation is in agreementwith a recent find-
ing that Dkk1 antagonizesWnt signaling by direct competition
withWnt proteins for LRP6 binding (13, 16). The precise bind-
ing affinity andmechanism of BP12 or BP34 to eitherWnt3a or
Dkk1 require further investigation.
Given that dysregulated Wnt signaling has been implicated

in several human diseases, developing modulators as therapeu-
tic agents to antagonize or up-regulate Wnt signaling is of
growing interest. For example, extracellular Wnt antagonists,
including secreted Frizzled-related proteins (34), anti-Wnt
antibodies (35), and solubleWnt receptor F8CRDhFc (36) aim-
ing to down-regulate the Wnt pathway, have been shown to
reduce cancer cell growth in several Wnt ligand-driven tumor
models. Conversely, suppression of Dkk1 levels or binding
capacity to up-regulateWnt signaling was used as a therapeutic
strategy to increase bone mass in osteoporosis, and cancer-in-

FIGURE 6. LRP6 BP1234, BP12, and BP34 directly interact with LRP6
ligands Wnt3a, Dkk1, and Mesd. BP CM was incubated with recombinant
Wnt3a (A), recombinant Dkk1 (B), and recombinant Mesd (C), immunoprecipi-
tated with anti-HA antibody or normal IgG (data not shown), and then probed
with anti-Wnt3a, anti-Dkk1, or anti-Mesd antibodies to detect the indicated
proteins. WB was analyzed via 7.5% (A) or 15% (B and C) SDS gels under
reducing conditions. IP, immunoprecipitation; WB, Western blot.

FIGURE 7. LRP6 BP12 and BP34 CM inhibit Wnt signaling. HEK293T/STF
cells were incubated with L cells CM, Wnt3a CM, or Wnt3a CM along with
control or LRP6 BP CM at 37 °C for 16 h. BP12 and BP34 CM contain �30 �g of
BP12 or BP34 protein, respectively, quantified by Western blot. Control CM
containing equal amounts of total protein as BP CM was added to cells as
negative control. Values are the average of triple determinations with the S.D.
indicated by error bars. Note that both LRP6 BP12 and BP34 CM partially
inhibit Wnt3a-induced Wnt signaling. **, p � 0.01 compared with control
medium.
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duced bone loss (40). Similarly, soluble BP12 and BP34, which
are capable of sequestering Wnt and Dkk1, may be applied to
modulateWnt signaling in a context-dependentmanner. Here,
we show that BP12 and BP34 CM are able to sequester Wnt3a
and attenuateWnt3a-induced signaling activation (Fig. 7). Sim-
ilarly, BP12 and BP34 may sequester Dkk1 to suppress Dkk-
mediated antagonism of Wnt signaling. Although BP CM was

used in this study due to the difficulty of obtaining sufficient
amount of purified BP proteins produced by mammalian cells,
our finding suggests the potential of utilizing soluble BPs as
Wnt signaling modulators.
Numerous studies have demonstrated that theWnt signaling

pathway also plays a crucial role in regulating the self-renewal
and differentiation of stem cells (37). Complete blockage of

Wnt pathway by systemic adminis-
tration of Dkk1 has been shown to
result in severe side effects on the
intestines ofmice due to its interfer-
ence with intestinal stem cell
renewal (38). Thus, identifying
effective Wnt signaling inhibitor
therapeutics without disrupting
stem cell functions is still a chal-
lenge for present-day drug develop-
ment. Previously, we found that
Mesd is capable of binding mature
LRP6 at the cell surface and antago-
nizing ligand binding (20). In this
study, we demonstrated that Mesd
can interact with both BP12 and
BP34 of LRP6, which is in full agree-
ment with the notion that Mesd is
required for the proper folding of
these �-propeller/EGF pairs. Most
significantly, Mesd can simulta-
neously suppressWnt signaling and
restore Dkk1-mediated inhibition.
These opposing effects result in
tuning of the Wnt signaling to an
intermediate level (Fig. 9). We

FIGURE 8. Mesd antagonizes Wnt3a binding to LRP6 BP1234, BP12, and BP34. Recombinant Mesd (1 �M) is
able to compete for rWnt3a (1 �g/ml) binding to BPs in co-immunoprecipitation (Co-IP) (A) and solid phase
binding assays (C). B, quantification of results from Co-IP. D, recombinant Mesd (1 �M) is able to compete for
Myc-Dkk1 binding to BPs in Co-IP. IP, immunoprecipitation; WB, Western blot.

FIGURE 9. Mesd is a novel inhibitor for Wnt signaling. A, HEK293T cells stably expressing SuperTopFlash reporter were incubated with L cell CM, Wnt3a CM,
or Wnt3a CM together with Mesd protein (1 �M), Mesd (150 –195) protein (1 �M), Mesd peptides (1 �M), or Dkk1 (10 nM) as indicated in triplicates for 16 h at 37 °C.
Cells were then imaged for bioluminescence using a IVIS charge-coupled device camera. B, quantitation of the triplicate samples in A. The data shown are
representative of three independent experiments. Note that Mesd protein and peptide inhibited Wnt signaling and partially restored Wnt signaling in the
presence of both Wnt3a and Dkk1.
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found that higher concentrations of Mesd do not further sup-
press Wnt signaling (data not shown). This observation makes
Mesd an attractive therapeutic candidate, because it may effec-
tively inhibit a significant amount ofWnt signaling whilemain-
taining a minimal level sufficient to support stem cell function.
Together, these results demonstrated that Mesd is a novel
antagonist for LRP5/6-mediated Wnt signaling.
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