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The R-Spondin (RSpo) family of secreted proteins is implicated in the activation of the Wnt signaling pathway. Despite
the high structural homology between the four members, expression patterns and phenotypes in knockout mice have
demonstrated striking differences. Here we dissected and compared the molecular and cellular function of all RSpo family
members. Although all four RSpo proteins activate the canonical Wnt pathway, RSpo2 and 3 are more potent than RSpol,
whereas RSpo4 is relatively inactive. All RSpo members require Wnt ligands and LRP6 for activity and amplify signaling
of Wnt3A, Wntl, and Wnt7A, suggesting that RSpo proteins are general regulators of canonical Wnt signaling. Like
RSpol, RSpo2-4 antagonize DKK1 activity by interfering with DKK1 mediated LRP6 and Kremen association. Analysis
of RSpo deletion mutants indicates that the cysteine-rich furin domains are sufficient and essential for the amplification
of Wnt signaling and inhibition of DKKI1, suggesting that Wnt amplification by RSpo proteins may be a direct
consequence of DKK1 inhibition. Together, these findings indicate that RSpo proteins modulate the Wnt pathway by a
common mechanism and suggest that coexpression with specific Wnt ligands and DKK1 may determine their biological

specificity in vivo.

INTRODUCTION

The R-Spondin (RSpo) family of secreted proteins is impli-
cated in the activation and regulation of Wnt signaling path-
way. The RSpo family is comprised of 4 members (RSpol-4)
that share overall ~60% sequence homology and similar
domain organization (Kim ef al.,, 2006). All RSpo proteins
contain two furin-like cysteine-rich domains at the N-termi-
nus followed by a thrombospondin domain and a basic
charged C-terminal tail. Numerous studies have implicated
RSpo proteins in the canonical Wnt signaling pathway. We
have previously demonstrated that all four RSpo members
induce proliferation of crypt epithelial cells resulting in en-
largement of mouse gastrointestinal tract (Kim et al., 2005,
2006). Moreover, RSpo proteins can stabilize the levels of
cytosolic B-catenin and dramatically synergize with Wnt3A,
suggesting a potential role for RSpo proteins in modulating
the Wnt signaling pathway (Kazanskaya ef al., 2004; Binnerts
et al., 2007; Wei et al., 2007).

The Wnt signaling pathway plays a pivotal role in diverse
biological processes during embryonic development, adult
homeostasis and disease pathogenesis (Logan and Nusse,
2004; Moon et al., 2004; Nusse, 2005). Wnt ligands are a
family of secreted proteins that regulate the B-catenin turn-
over through interactions with Frizzled receptors and
LRP5/6 co-receptors (Davidson et al., 2005; He et al., 2004;
Tamai et al., 2004; Zeng et al., 2005). In the absence of Wnt
ligand, cytosolic B-catenin is targeted for proteosomal deg-
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radation by the APC/Axin/GSK destruction complex (Beh-
rens et al., 1998; Salic et al., 2000). On engagement with the
receptors, Wnt ligands trigger a series of events resulting in
the stabilization and subsequent translocation of cytosolic
B-catenin into the nucleus and transactivation of Wnt target
genes through interaction with the transcription factor T-cell
factor (TCF; Bejsovec, 2005; Gordon and Nusse, 2006).
Expression of RSpo proteins overlaps with expression of
Wnt proteins during mouse development implying a possi-
ble link of RSpo proteins with the Wnt signaling pathway
(Parr et al., 1993; Echelard et al., 1994; Yoshida et al., 1997;
Nam et al., 2006b). Consistent with this, RSpol expression
was detected in the developing dorsal neural tube and was
reduced in Wntl and Wnt 3A double knockout mice (Ka-
mata et al., 2004). Likewise, in Xenopus, mRNA expression of
RSpo proteins overlapped with expression of Wnt ligands
during embryonic development (Kazanskaya et al., 2004).
Recently, an important role of RSpol in development of the
reproductive system was described in humans with a loss of
function mutation of RSpol (Parma et al., 2006). Similar to
phenotypes observed in Wnt-4 knockout mice, a homozy-
gous null mutation of RSpol in members of a family with a
recessive syndrome was characterized by XX sex reversal.
These findings indicate a key role for RSpol in Wnt signal-
ing during the development of reproductive organs.
Although RSpo proteins are linked to the Wnt pathway,
the precise mechanism by which each member regulates the
Wnt pathway is poorly understood. Previously, it was
shown that RSpo proteins interact with FZD8 and LRP6
receptors (Nam et al., 2006a; Wei et al., 2007). However, these
studies did not demonstrate whether these interactions are
required for the activation of the Wnt signaling pathway by
RSpo proteins. Recently, we have demonstrated that RSpol
activity is dependent on the presence of Wnt ligands and
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that RSpol regulates the Wnt signaling by antagonizing
Dickkopf (DKK)1-mediated LRP6 internalization (Binnerts
et al., 2007). To further explore and compare the mechanism
of action of different RSPo proteins, we generated and tested
purified recombinant proteins of all RSpo family members.
Here we show that all four members regulate the Wnt
pathway by a common mechanism. In addition, we provide
data that indicates that the furin domain of RSpo protein is
sufficient to synergize with Wnt3A and antagonize DKK1
function.

MATERIALS AND METHODS

Purification of RSpo Proteins

HEK293 cells were transfected with V5-His6-tagged RSpo expression con-
structs, and stable cells were selected using a medium containing 500 ug/ml
geneticin (Invitrogen, Carlsbad, CA). Stable clones were suspension adapted
to grow in serum-free 293 free-style media (GIBCO, Rockville, MD). The
media containing the secreted individual RSpo proteins were harvested for
further purification. In brief, the media were filtered and concentrated using
a PES filter (Corning Costar, Acton, MA) and a TFF system (Pall Filtron,
Northborough, MA), respectively, followed by a HiTrap Ni-chelating affinity
column (Amersham Pharmacia, Piscataway, NJ). The Ni column was washed
with 20 mM imidazole for 10 column volume (CV) and protein was eluted
with a gradient of 20 to 300 mM imidazole. RSpo proteins isolated through the
Ni column were loaded onto a SP cation exchange column that had been
equilibrated with 20 mM sodium phosphate, 0.3 M arginine, pH 7. The column
was washed with 8 CV of 0.1 M NaCl and eluted with a gradient of 0.1 to 1 M
NaCl over 30 CV. Fractions containing V5-His tagged RSpo proteins were pooled
to yield a protein solution that was between 85 and 98% pure.

Cell Culture and Transfection

HEK293 cells were purchased from ATCC (Manassas, VA) and maintained in
DMEM containing 10% fetal bovine serum. To generate a HEK293 clone that
stably expresses a 16TCF luciferase reporter construct, cells were transfected
with a pTA16TCF-Luc construct using Fugene-6 (Roche, Indianapolis, IN)
transfection reagent, and stable clones were selected using a culture medium
containing 1 mg/ml geneticin (Invitrogen). A HEK 293 stable clone express-
ing mLRP6-FLAG was generated in a similar way using a pcDNA3.1/Intron
mLRP6-FLAG expression construct.

Plasmids and DNA Constructs

A 16TCF luciferase reporter construct was generated as described (Binnerts ef
al., 2007). Open reading frame (ORF) nucleotide (nt) sequences for hKremen2
(BF312414, ATCC, Manassas, VA) and mLRP6 (BC060704, Open Biosystems,
Huntsville, AL) were amplified from indicated cDNA clones and inserted into
the pcDNA3.1/Intron plasmid. mLRP6AC was generated by deleting the
LRP6 cytoplasmic domain as described (Binnerts et al., 2007). LRP6-FLAG was
generated by in-frame fusion of the LRP6 ORF sequence with a FLAG epitope
tag (DYKDDDDK) and Kremen2-HA was generated with a HA epitope tag
(YPYDVPDYA) encoding sequence. The expression constructs of RSpo chi-
meric molecules in which the furin domain of RSpol is replaced by furin
domains of RSpo2, 3, or 4 were generated by a stitching PCR method using
following primers: a universal forward primer, GTC GTC GAC ACG TGT
GAT CAG ATA; RSpo2 reverse primer, TTC ACA TCC TTC CAC ACA TTC
CAT; RSpo3 reverse primer, CTC ACA GTG CAC AAT ACT GAC ACA;
RSpo4 reverse primer, TTC ACA CTC CCC CTG GCACT, a forward primer
for RSpol C-terminal with thrombospondin domain, ATG AGC GAG TGG
TCT CCG T; a reverse primer for RSpol C-terminal with thrombospondin
domain, TGG ACA AAC CAC AAC TAG AAT GCA G. PCR amplified furin
domains of RSpo2, 3, or 4 were ligated with the thrombospondin domain
containing the C-terminal half of the RSpol molecule followed by PCR
amplification of chimeric molecules using a forward primer, GTC GTC GAC
ACG TGT GAT CAG ATA, and a reverse primer, TGG ACA AAC CAC AAC
TAG AAT GCA G. The PCR-amplified products of three chimeric molecules
were confirmed by sequencing and digested with EcoRI/Xbal to clone into
the pcDNA /Intron vector.

Luciferase Reporter Assays Small Interfering RNA
Experiment

A 16TCF luciferase reporter construct was generated by cloning 16 repeats of
a TCF consensus site (AGATCAAAGG) into the pTA-Luc vector (Clontech,
Mountain View, CA) as reported (Binnerts et al., 2007). A stable HEK293
clone, A6 was selected using a geneticin selection marker, and the selected
clone demonstrated minimal basal reporter activity. Stable HEK293 cells were
seeded in 96-well plates in DMEM containing 1% FBS (Invitrogen) the day
before treatment. The stable cells were treated in triplicate for 20 h with
indicated concentrations of proteins, and reporter activity was determined
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using BrightGlo reagent (Promega, Madison, WI) by a Veritas Luminometer
(Turner Biosystems, Sunnyvale, CA). Recombinant hDKK1. mWnt3A proteins
were purchased from R&D systems (Minneapolis, MN), and recombinant
RSpol, 2, 3, and 4 were purified from conditioned media derived from stable
HEK293 cells by standard column chromatography and filtration. Wntless
(WLS) gene-specific and nontargeting control small interfering RNA (siRNA)
duplexes were purchased from Dharmacon (Chicago, IL); WLS: GCGU-
CAGUCCAAGUGAA (Banziger et al., 2006). HEK-293 A6 reporter cells were
transfected in triplicate in 96-well plates with indicated siRNA duplexes by
reverse transfection with Neofect (Ambion, Austin, TX) according to manu-
facturer’s instructions. Cells were treated as indicated 48 h after siRNA
transfection and analyzed for reporter activity as described above.

Western Blotting and Coimmunoprecipitation

B-Catenin stabilization was performed as previously described. In brief, the
cell lysate was prepared from HEK 293 cells using hypotonic lysis buffer. The
cytosolic fraction was prepared by ultracentrifugation of the cell lysates
(100,000 X g) for 30 min, resolved by SDS-PAGE, and transferred to nitrocel-
lulose membrane. Immunoblotting was performed using anti- -catenin an-
tibodies (Cell Signaling). B-Actin was used as a protein-loading control. To
measure LRP6 phosphorylation either HEK 293 cells or stable 293 cells ex-
pressing FLAG-tagged LRP6 were seeded in six-well dishes and treated with
indicated proteins for 4 h. Cells were placed on ice, rinsed with ice-cold PBS,
and lysed in cell lysis buffer containing phosphatase inhibitors (Cell Signal-
ing). Lysates were resolved on 3-8% SDS-PAGE gels and LRP6 phosphory-
lation was analyzed using a phospho-Ser1490-specific anti-LRP6 polyclonal
antibody (Cell Signaling). To determine the interaction of Kremen and LRP6,
HEK293 cells, stably expressing LRP6-C-FLAG, were transiently transfected
with a Kremen2-C-HA expression construct using Fugen-6 transfection re-
agent (Roche). The total cell lysates were prepared after indicated treatments,
and the immunoprecipitation was performed by incubating the cell lysates
with anti-HA antibodies (Abcam, Cambridge, MA) overnight at 4°C. The
immunoprecipitated molecules were precipitation using protein G Dyna-
beads (Invitrogen). After stringent washing with lysis buffer, the protein
complex was eluted from the beads by boiling in sample buffer with DTT
(Pierce) and resolved in 3-8% Tris-acetate gels (Invitrogen) for immunoblot-
ting with anti-FLAG, anti-hemagglutinin (HA; Abcam), or anti-DKK1 (R&D
Systems) antibodies.

RESULTS

RSpo Family Proteins Activate the Wnt Signaling
Pathway

We and others have previously shown that RSpo1 stimulates
the accumulation of cytosolic B-catenin and TCF luciferase
reporter activity in HEK293 cells (Kim et al., 2005, 2006;
Binnerts et al., 2007). Although genetic studies with the
various RSpo proteins indicated a wide range of pheno-
types, it is unclear whether all RSpo proteins activate the
Wnt pathway through a common mechanism. To further
understand the biochemical and cellular activities of all
RSpo family proteins, we generated recombinant proteins of
four RSpo members (Figure 1A) and compared the TCF
reporter activity between RSpol-4 (Figure 1B). As we previ-
ously demonstrated, RSpol induced TCF reporter activity in
a dose-dependent manner. Interestingly, RSpo2 and RSpo3
were more potent than RSpol, particularly at a lower con-
centration (<100 ng/ml), whereas RSpo4 was relatively in-
active. The relative activities of RSpo family proteins in
Wnt/ B-catenin signaling were further confirmed by measur-
ing the accumulation of cytosolic B-catenin (Figure 1C).
Consistent with the activities observed in the TCF-mediated
reporter assay, RSpo2 and 3 induced stabilization of cytoso-
lic B-catenin in HEK293 cells at lower concentrations than
RSpol, whereas RSpo4 had a minimal effect on cytosolic
B-catenin levels .

RSpo Proteins Amplify the Activity of Wnt Proteins

We and others have previously shown that RSpo proteins
act synergistically with Wnt3A to stimulate the accumula-
tion of B-catenin and TCF-mediated transcription activation
(Kazanskaya et al., 2004; Kim et al., 2005; Binnerts et al., 2007;
Wei et al., 2007). To further examine the amplification of
Wnt3A activity by RSpo proteins, a HEK293 cell line, stably
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Figure 1. RSpo family proteins activate B-catenin signaling. (A) Coomassie-stained RSpo 1, 2, 3, and 4 proteins. Purified Rspo proteins were
resolved on a 4-20% SDS-PAGE gel under reducing conditions and were visualized by Coomassie blue staining. Each RSpo lane contains
500 ng of the purified protein. The first lane contains markers with molecular masses as indicated at the left. Estimated purities for RSpol,
2,3, and 4 are 98, 90, 93, and 85%, respectively, based on immunoreactive bands in Western blotting using antiV5 antibodies. (B) Activities
of RSpo proteins were measured by TCF reporter assay. HEK293 cells stably transfected with a 16-TCF-luciferase reporter construct were
treated with increasing concentrations of RSpo proteins for 20 h, and reporter activity was measured. Data represent relative light units
(RLU). Assays were done in triplicate and the results are mean * SD. (C) B-Catenin stabilization was measured by Western blotting using
an anti-B-catenin antibody. HEK293 cells were treated with various concentrations of RSpo proteins for 3 h, and the cytosolic fractions were

prepared for immunoblotting for B-catenin. B-Actin was used as a loading control.

expressing a TCF reporter gene, was treated with increasing
amounts of Wnt3A proteins in the presence of a suboptimal
concentration of purified RSpol-4 (20 ng/ml). Although
treating cells with either varying amounts of Wnt3A or
RSpol-4 alone (at 20 ng/ml) was not sufficient to trigger a
robust response, a substantial increase of Wnt3A-induced
TCF-mediated transcriptional activation (up to ~260-fold
enhancement) was detected when cells were treated in com-
bination with each of four members of RSpo proteins (Figure
2A). Interestingly, although cells treated with RSpo4 alone
were virtually nonresponsive, cotreatment with Wnt3A sig-
nificantly increased TCF reporter activity (~150-fold). As
observed in cells treated with RSpo alone (Figure 1), RSpo2
and RSpo3 were slightly more potent than RSpol in ampli-
fying the Wnt signaling. Furthermore, RSpo-mediated en-
hancement of TCF reporter activity was not limited to
Wnt3A. A suboptimal dose of RSpol and RSpo2 (50 ng/ml)
also substantially amplified Wntl or Wnt7A activities (Fig-
ure 2B), suggesting that RSpo proteins can modulate general
canonical Wnt signaling.

RSpo Proteins Require Endogenously Secreted Wnt
Ligands for Their Activities

Previously we have shown that activity of RSpol is depen-
dent on Wnt proteins to activate Wnt signaling. To examine
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the implication of Wnt ligands in the activities of other RSpo
family members, we used Wntless (WLS) siRNA to block
secretion of endogenous Wnt proteins. Knock down of WLS
significantly reduced activities of all 4 RSpo proteins (Figure
3), while having a marginal effect on cells that were treated
with exogenously Wnt3A protein. These findings indicate
that Wnt ligands are required for activities of RSpo proteins.

LRP6 Is Implicated in RSpo-mediated Signaling

To further characterize the role of RSpo proteins in the Wnt
signaling pathway, we examined whether activities of RSpo
proteins are regulated by the canonical Wnt coreceptor
LRP6. Overexpression of full-length LRP6 in HEK293 cells
enhanced RSpo protein-induced TCF reporter activity,
whereas expression of a dominant negative C-terminal trun-
cated LRP6 (LRP6AC) reduced the activity of all four RSpo
members (Figure 4A). These data imply that all RSpo pro-
teins regulate the Wnt signaling pathway at the level of
LRP6.

To explore the link between RSpo signaling and the LRP6
receptor, we next evaluated the phosphorylation of LRP6
using a phospho-LRP6 specific antibody. Although all RSpo
proteins marginally increased LRP6 phosphorylation (Fig-
ure 4B), cotreatment of each RSpo protein with Wnt3A re-
sulted in a significant increase in phosphorylation of both

Molecular Biology of the Cell
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endogenous as well as overexpressed LRP6 receptor (Fig-
ure 4, B and C, respectively). This result is in agreement
with the amplification of Wnt-dependent TCF activity by
RSpo proteins and suggests that amplification of the Wnt
pathway by RSpo proteins may occur at the level of LRP6
phosphorylation.

To further explore the link between LRP6 and RSpo pro-
teins, we next examined the effect of LRP6 inhibitor DKK1
on RSpo activity. Previously, we demonstrated that RSpol
can antagonize DKKI1 activity to regulate the cell surface
levels of LRP6 (Binnerts ef al., 2007). Similar to the observa-
tion seen with RSpol, DKK1 inhibited activity of RSpo2-4
proteins (Figure 4D) but to a lesser extent compared to the
inhibition of Wnt3A protein activity. These data further
confirm the implication of LRP6 in RSpo-mediated Wnt
signaling.

RSpo Proteins Antagonize DKK-1-induced Interaction of
Kremen and LRP6

It was previously shown that a direct interaction between
DKK1 and LRP6/Kremen is required for the regulation of
cell surface levels of LRP6 (Semenov ef al., 2001; Mao et al.,
2002). DKK1 interacts with Kremenl or 2 and subsequently
triggers the internalization of LRP6 (Mao et al., 2007). We
have previously demonstrated that RSpol can block DKK1
function and can interact with Kremen expressing cells (Bin-
nerts et al., 2007). We therefore investigated whether all
RSpol-4 can also antagonize DKK1 mediated LRP6 and
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Kremen interaction. We analyzed the formation of a Kre-
men2 and LRP6 ternary complex in cells treated either with
DKK1 alone or in combination with RSpo proteins. As
shown in Figure 5, although LRP6 was coimmunoprecipi-
tated with Kremen2 in cells treated with DKK1, cotreatment
with RSpo proteins reduced DKK-1-mediated Kremen2 and
LRP6 complex formation. Interaction of Kremen and LRP6
was not altered in cells treated with RSpo proteins alone.
Moreover, all RSpo proteins interfered to a similar extent
with the association of DKK1 with the Kremen/LRP6 com-
plex. These results suggest that all RSpo proteins can inter-
fere with DKK1 function by disrupting Kremen and LRP6
interaction and subsequent internalization of the receptor
complex. Together, these data suggest a common role for
RSpo proteins in regulating the Wnt pathway by antagoniz-
ing DKK1 activity in LRP6-mediated signaling.

Furin Domains Specify the Activity of RSpo Proteins

The RSpo family proteins contain two cysteine-rich furin-
like domains that share ~60% sequence homology among
family members (Figure 6A). The furin-like domains were
shown to be sufficient and indispensable for RSpo proteins
activity (Kazanskaya et al., 2004). To further map the mini-
mal domain required for RSpo activity, we next generated
series of RSpo deletion mutants and tested their activities in
the TCF reporter assay. As previously shown (Kazanskaya
et al., 2004), two intact furin domains were required and
sufficient to activate Wnt signaling (data not shown). Con-
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Figure 3. Activities of RSpo proteins are dependent on an endogenous pool of Wnt ligands. Stable HEK-293 reporter cells were transfected
with either nontargeting control siRNA or WLS siRNA duplexes (10 nM), treated with indicated amounts of RSpol (A), RSpo2 (B), RSpo3
(C), RSpo4 (D), or Wnt3A (E) proteins. Reporter activity was analyzed as described above.

sistent with the TCF reporter activities of full-length pro-
teins, the furin domains of RSpo2 and 3 proteins were more
active than RSpo1l, whereas RSpo4 was the least active (Fig-
ure 6B). Although the furin domain is required and sufficient
for the RSpo activity, it retained only ~50% of the activity
seen with full-length RSpo protein (Figure 6C), suggesting
the possible regulatory activity of other domains. Like RSpo
wild-type (wt) proteins, the RSpol furin domain also ampli-
fied Wnt3A activity indicating that the ability of RSpo pro-
teins to amplify Wnt signaling resides in the furin domain
(Figure 6D).

To further examine the role of the furin domains, we
generated chimeric constructs in which the furin domain of
RSpol was replaced with the furin domains of RSpo2, 3, or
4. The stable HEK293 cells were transfected with indicated
amounts of RSpo chimeric constructs, and TCF reporter
activity was measured. As shown in Figure 5E, transfection
of RSpol wt activated the TCF reporter activity in a dose-
dependent manner, reaching maximal activity at 25 ng of
transfected DNA construct (Figure 6E). When cells were
transfected with RSpo2/1 or 3/1 chimeras, there was a
significant increase in TCF reporter activity at lower doses (1
and 5 ng per transfection) in comparison to the RSpol wt
construct. Furthermore, RSpol-induced TCF reporter activ-
ity was dramatically reduced when its furin domain was
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replaced with that of RSpo4, indicating that the furin do-
main is responsible for the relative activities of RSpo pro-
teins. Specificity of these chimeras was further tested using
an RSpol-specific neutralizing antibody that binds the furin
domain. As shown in Figure 6F, a neutralizing antibody for
RSpol inhibited activity of RSpol, whereas it had no inhib-
itory activity on the chimeras of RSpo2/RSpol, RSpo3/
RSpol, and RSpo4/RSpol. These data suggest that the rel-
ative activity of RSpo family members is specified by the
furin domain.

Furin Domains Are Essential and Sufficient for Inhibition
of DKK1 Activity

To address whether the furin domain can also interfere with
DKKT1 activity, purified RSpol furin domain was tested in
the TCF reporter assay in the presence of increasing concen-
trations of DKK1. DKK1 inhibited the TCF reporter activity
of purified RSpol furin domain in a dose-dependent manner
(Figure 7A). However, similar to the activity of full-length
RSpol protein, the DKK1-mediated inhibition was reversed
(20-40%) by increasing concentrations of RSpol furin do-
main (at higher doses, >500 ng/ml; Figure 7B, middle and
bottom), indicating that the furin domain is responsible for
the ability of RSpo proteins to interfere with DKK1 function.
In contrast, the DKK1-mediated inhibition of Wnt3A activity

Molecular Biology of the Cell
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was not reversed by increasing amounts of Wnt3A protein
(up to 1000 ng/ml; Figure 7B, top).

To extend this finding, we next analyzed whether the
RSpol furin domain can disrupt DKK1-mediated interaction
of LRP6 and Kremen2. Cells were treated with the purified
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Figure 5. RSpo proteins antagonize DKK1-mediated interaction of
Kremen2 and LRP6. HEK-293 cells, stably expressing LRP6-FLAG,
were transfected with Kremen2-HA and treated with DKK-1 (100
ng/ml) in the presence or absence of indicated RSpo proteins (200
ng/ml) for 30 min. The total cell lysates were immunoprecipitated
with anti-HA antibody for Kremen2 and coimmunoprecipitated
LRP6, or DKK1 proteins were immunoblotted with anti-FLAG or
anti-DKK1 antibodies, respectively. DKK1 induced an interaction of
Kremen2 and LRP6 proteins and RSpo proteins reduced the DKK1-
mediated Kremen2 and LRP6 interaction.
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furin domain derived from RSpol in the presence or absence
of DKKI1 followed by immunoprecipitation of Kremen. As
seen with purified RSpol wt protein, purified RSpol furin
domain was sufficient to disrupt DKK1-mediated associa-
tion of LRP6 and Kremen2. Although LRP6 was coimmuno-
precipitated with Kremen when cells were incubated with
DKK1, a reduced amount of LRP6 was coimmunoprecipi-
tated with Kremen when cells were cotreated with the
RSpol furin domain and DKK1 (Figure 7C). Together, these
data indicate that the furin domain is sufficient and neces-
sary for both Wnt amplification and DKK1 antagonism by
RSpo proteins, suggesting that both functions are linked
together.

DISCUSSION

The mammalian family of RSpo proteins share 40-60%
amino acid sequence identity, and they are predicted to have
substantial structural homology (Kim et al., 2006). However,
expression of the four RSpo genes during mouse develop-
ment demonstrated striking differences (Nam et al., 2006b),
suggesting unique biological activities of individual mem-
bers during development. Interestingly, however, when in-
jected into adult mice, all purified recombinant RSpo pro-
teins led to a similar dramatic increase of crypt depth and
epithelial cell proliferation in the gastrointestinal tract (Kim
et al., 2005, 2006), suggesting a common mechanism of action
for all RSpo proteins.
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Figure 6. Furin domains confer the relative activity of RSpo proteins. (A) Domain diagrams of RSpo family members. (B) The furin domain
of each RSpo family member was cloned and transfected into HEK293 cells stably transfected with TCF reporter construct. Activation of
luciferase reporter was determined by a luminometer. (C) Activities of purified full-length and the furin domain of RSpol protein were tested
by TCF reporter assay. Stable HEK293 TCF reporter cells were treated with increasing concentrations of each protein for 20 h, and TCF
transcriptional activity was measured. (D) The furin domain amplifies Wnt3A activity. Stable HEK293 cells were treated with varying
concentrations of Wnt3A in the presence of 20 ng/ml RSpol full-length protein or furin domain. (E) To examine whether furin domains are
responsible for the relative activities of RSpo proteins, various chimeras were generated, in which the furin domain of RSpol gene was
replaced with those of RSpo2, 3, or 4. Each chimeric construct was transfected into stable HEK293 TCF reporter cells with indicated amounts
of DNA in 96-well plates, and TCF reporter activity was measured 48 h after transfection. (F) Specific activities of RSpo chimeras were tested
using an RSpol-specific neutralizing mAb. Cells were treated with 1 ug/ml neutralizing antibody after transfection of stable reporter cells

with each chimeric construct, and reporter activity was measured.

Previous studies have suggested a possible implication of
the Wnt coreceptor LRP6 in RSpol-mediated activation of
[B-catenin signaling (Binnerts et al., 2007; Wei et al., 2007). Con-
sistent with our recent study with RSpol (Binnerts et al., 2007),
we demonstrated that LRP6 is required for signaling by all
RSpo proteins; first, overexpression of full-length LRP6 en-
hanced TCF activation by all four RSpo proteins, whereas a
C-terminal truncated, dominant negative LRP6 (LRP6AC) re-
duced their activity. Second, although RSpo proteins margin-
ally increased LRP6 phosphorylation, they induced a substan-
tial increase of phosphorylation when combined with Wnt3A.
These results further suggest that all RSpo proteins regulate
Wnt signaling at the level of the LRP6 receptor.

LRP6 is tightly regulated by the soluble inhibitor DKK1
(Mao et al., 2001, 2002; Semenov et al., 2001). DKK1 is a
member of a multigene family and is shown to bind to and
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antagonize LRP5/6. Kremen is a transmembrane protein
and a coreceptor for DKK1, which functionally cooperates
with DKK1 to induce endocytosis of LRP6 and down-regu-
late LRP6 from the cell surface. Recently, we have shown
that RSpol inhibits DKK1-mediated LRP6 internalization
and DKKI1-dependent association of LRP6 and Kremenl
(Binnerts et al., 2007). In the present study, we compared the
activities of all four RSpo family members and demonstrated
that all RSpo proteins can antagonize DKK1-dependent in-
hibition of the canonical Wnt signaling and disrupt DKK1-
dependent association of LRP6 and Kremen.

Our data indicate that RSpo proteins modulate the Wnt
pathway through a common biochemical mechanism by
competing with DKK1 and as shown previously to reduce
internalization of LRP6 and subsequently increasing the lev-
els of LRP6 on the cell surface (Binnerts et al., 2007).

Molecular Biology of the Cell
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representative blots are shown.

Although our data strongly suggest that RSpo proteins
amplify the Wnt pathway and antagonize DKK1 function, it
is currently unclear whether these two activities are causally
linked each other. Therefore, to map the domain responsible
for amplification of Wnt signaling and DKK1 inhibition, we
analyzed several RSpo deletion mutants. Previously, the
functional domain of RSpo proteins required for Wnt acti-
vation was mapped to a furin-like cysteine-rich domain
(Kazanskaya et al., 2004). Interestingly, the furin domains
derived from all four RSpo members were sufficient for
induction of TCF reporter activity and their relative activity
was consistent with the activity seen with full-length pro-
tein. This observation was further validated by analyzing
chimeric RSpo proteins in which the furin domain of RSpol
was replaced with the furin domain of RSpo2-4, which
demonstrated that the furin domains dictate the relative
potency of RSpo proteins. Moreover, the furin domains were
also shown to be essential and sufficient for RSpol-mediated
competition with DKK1 activity and inhibition of DKK1-
induced complex formation between LRP6 and Kremen.
Although these data suggest that both Wnt amplification
and DKK1 interference are mediated by the same functional
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furin domain, it will remain to be elucidated whether Wnt
amplification is a direct consequence of inhibition of DKK1-
mediated LRP6 internalization. It is tempting to speculate
that RSpo proteins play a pivotal role by uncoupling Kre-
men from LRP6 and subsequently permitting a favorable
interaction with Wnt and the Frizzled receptor complex.

It is conceivable that the in vivo biological activity of RSpo
proteins is dictated by expression of Wnt ligands in target
tissues. Consistent with this notion, recent findings showed
that loss of function mutation of RSpol (Parma et al., 2006),
2 (Bell et al., 2003), 3 (Aoki et al., 2006), and 4 (Blaydon et al.,
2006) or knockout of RSpo2 gene (Nam ef al., 2007) resulted
in similar phenotypes as seen for Wnt or Fzd receptor mu-
tations (Johnson and Tabin, 1997; Vainio et al., 1999; Ish-
ikawa et al., 2001). For example, disruption of the RSpol
gene was shown to cause a recessive XX sex reversal in an
affected patient population, which, similar to the phenotype
observed in wnt4* mice, suggests the cooperative interac-
tion of Wnt and RSpo proteins.

Our current data, in conjunction with previous reports,
demonstrate a novel mechanism of action for all four RSpo
proteins. We have shown that all RSpo proteins activate Wnt
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signaling through LRP6 by antagonizing DKKI1 function. It
is most likely that the specific activities of RSpo proteins
reported in vivo are achieved by tissue-specific coexpression
of different Wnt ligands, as seen during development and in
various mouse (Nam et al., 2007) and human genetic studies
(Bell et al., 2003; Aoki et al., 2006; Blaydon et al., 2006; Parma
et al., 2006). It remains to be elucidated how RSpo proteins
trigger Wnt signaling in a given specific microenvironment
in which multiple Wnt signaling components contribute to
the differential Wnt signaling activity. RSpo proteins may
play a pivotal role in setting the threshold of Wnt activation
by antagonizing DKK1 and amplifying signaling by Wnt
ligands. Furthermore, as a key modulator of the Wnt path-
way, RSpo proteins may prove to be valuable therapeutic
agents in various disease conditions where Wnt signaling
activity is required for tissue repair such as inflammatory
bowel disease (Bouma and Strober, 2003; Radtke and Clev-
ers, 2005; Lim and Hanauer, 2004) and in bone diseases
characterized by elevated DKK1 levels, such as bone osteo-
lytic lesions (Tian et al., 2003; Colla et al., 2007; Diarra et al.,
2007; Yaccoby et al., 2007).
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