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R-spondin proteins sensitize cells to Wnt signalling and act as
potent stem cell growth factors. Various membrane proteins have
been proposed as potential receptors of R-spondin, including
LGR4/5, membrane E3 ubiquitin ligases ZNRF3/RNF43 and
several others proteins. Here, we show that R-spondin interacts
with ZNRF3/RNF43 and LGR4 through distinct motifs. Both LGR4
and ZNRF3 binding motifs are required for R-spondin-induced
LGR4/ZNRF3 interaction, membrane clearance of ZNRF3 and
activation of Wnt signalling. Importantly, Wnt-inhibitory activity
of ZNRF3, but not of a ZNRF3 mutant with reduced affinity to
R-spondin, can be strongly suppressed by R-spondin, suggesting
that R-spondin primarily functions by binding and inhibiting
ZNRF3. Together, our results support a dual receptor model of
R-spondin action, where LGR4/5 serve as the engagement
receptor whereas ZNRF3/RNF43 function as the effector receptor.
Keywords: Wnt; R-spondin; ZNRF3; RNF43; LGR4
EMBO reports (2013) 14, 1120–1126. doi:10.1038/embor.2013.167

INTRODUCTION
Wnt proteins regulate cell proliferation, cell polarity and cell fate
determination during embryonic development and adult tissue
homoeostasis [1]. R-spondins are a group of secreted proteins
(RSPO1-4) that potently potentiate Wnt signalling [2]. R-spondins
are important in tissue patterning and cell differentiation [3,4].
R-spondin proteins function as stem cell growth factors and can be
used to promote tissue regeneration [5,6]. R-spondins are also
identified for their oncogenic potential in virus and transposon-
based mutagenesis screens in mice [7,8], and they are
overexpressed in a subset of colorectal cancers through gene

translocation [9]. R-spondin neutralizing agents can potentially be
used to treat cancer.

Despite the biological and therapeutic significance, the exact
mechanism by which R-spondin increases Wnt signalling is not
entirely clear. Various membrane proteins have been reported to
bind to R-spondin, including Wnt receptors Frizzled [10] and
LRP6 [10,11], Kremen [12], Syndecan 4 [13], LGR4/5 [14–17] and
membrane E3 ubiquitin ligases ZNRF3/RNF43 [18]. Relative con-
tribution of these proteins to R-spondin signalling is not clear.
Several models of R-spondin signalling have been proposed,
including forming a receptor complex by binding to Frizzled and
LRP6 [10], blocking LRP6 turnover by interacting with Kremen [12],
enhancing Frizzled internalization by binding to Syndecan 4 [13],
promoting LRP6 phosphorylation by binding to LGR4/5 [14,15]. Our
group has recently identified two membrane ubiquitin E3 ligases
ZNRF3 and RNF43 that target Wnt receptors for degradation, and
shown that R-spondin can simultaneously bind to LGR4 and ZNRF3
and induce membrane clearance of ZNRF3 [18]. On the basis of our
results, we proposed that R-spondin potentiates Wnt signalling by
inhibiting ZNRF3 and stabilizing Wnt receptors [18]. In this study,
we sought to define the signalling mechanism of R-spondin by
mapping critical residues of R-spondin for binding to its receptors
and for its signalling activity.

RESULTS
Distinct receptor-binding motifs of R-spondin
R-spondin proteins have the same structural organization. They
have two adjacent furin-like domains (FU1 and FU2) at the amino
terminus, and a thrombospondin (TSP) domain close to the carboxyl
terminus (Fig 1A). Sequence similarities of furin-like domains and
TSP domain of four RSPO proteins from different species are high,
suggesting R-spondin proteins have conserved functions. The TSP
domain of R-spondin binds to syndecans and glypicans [13],
and might affect cell surface binding of R-spondin. A fragment
containing two furin-like domains of R-spondin is sufficient to
activate Wnt signalling, and both furin-like domains are required
for the signalling activity of R-spondin [3,16]. How these two
furin-like domains engage R-spondin receptors is unknown.

1Novartis Institutes for Biomedical Research, 250 Massachusetts Avenue, Cambridge,
Massachusetts 02139, USA
2SomaLogic, Inc., 2945 Wilderness Place, Boulder, Colorado 80301, USA

+Corresponding author. Tel: þ 1 617 871 7510; Fax: þ 1 617 871 7262;
E-mail: feng.cong@novartis.com

wPresent address: FORMA Therapeutics, Inc., 500 Arsenal Street, Watertown,
Massachusetts 02472, USA.

Received 18 June 2013; revised 1 October 2013; accepted 1 October 2013;
published online 29 October 2013

scientificreportscientific report

1120 EMBO reports VOL 14 | NO 12 | 2013 &2013 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

mailto:feng.cong@novartis.com


As the fragment containing both furin-like domains is sufficient
to activate Wnt signalling, this region must be sufficient to interact
with R-spondin receptors. To define the signalling mechanism of

R-spondin, we mutated all conserved residues within two furin-
like domains of RSPO1 and tested their binding to proposed
RSPO1 receptors. Consistent with results of other labs [13,14], we
could not detect an interaction between R-spondin and Frizzled,
LRP6, or Kremen [18], and, therefore, we focused on LGR4 and
ZNRF3. All conserved residues within the furin-like domains of
RSPO1–GFP were individually mutated to alanine (supplementary
Fig S1 online), and RSPO1–GFP mutants were tested for their
interaction with LGR4 and ZNRF3 in a cell-based binding assay
(supplementary Table S1 online). Interestingly, mutation of two
residues in the furin-like domain 1 (FU1) (R66A or Q71A)
abolished the interaction between RSPO1 and ZNRF3, without
affecting the interaction between RSPO1 and LGR4 (Fig 1B). We
further showed that mutation of two residues of the furin-like
domain 2 (FU2) (F106A or F110A) blocked the interaction
between RSPO1 and LGR4, without affecting the interaction
between RSPO1 and ZNRF3 (Fig 1B). Similar results were
obtained using RSPO1 R66A/Q71A or F106A/F110A double
mutants (supplementary Fig S2 online). These data suggest that
RSPO1 binds to ZNRF3 and LGR4 through distinct domains; the
FU1 domain is involved in ZNRF3 binding, whereas the FU2
domain is involved in LGR4 binding. This result is consistent with
our previous findings that RSPO1 can bind to both ZNRF3 and
LGR4 and induce their dimerization [18]. RNF43 is a functional
homologue of ZNRF3 and mediates ubiquitination and
degradation of Frizzled [18,19]. Despite modest homology
between the extracellular domain (ECD) of ZNRF3 and RNF43
(40% identity), RSPO1 also bound to RNF43 in the cell-based
binding assay (Fig 1C), suggesting that ZNRF3 and RNF43 have
conserved function in interacting with R-spondin. RSPO1-RNF43
interaction is abolished by R66A and Q71A double mutation
(Fig 1B), while unaffected by F106A and F110A double mutation,
indicating that RSPO1 binds to ZNRF3 and RNF43 using the
same structural element. The same amount of wild-type or mutant
RSPO1–GFP was used in the cell-based binding assay as
demonstrated by western blot using anti-GFP antibody (Fig 1D).

Although the binding between R-spondin and LGR4 or LGR5
has been widely accepted, the physical interaction between
R-spondin and ZNRF3 is less well established. We generated
recombinant RSPO1 and ZNRF3 ECD proteins with purity over
95%. The binding affinity between RSPO1 and ZNRF3 ECD was
measured using surface plasmon resonance (SPR) assay. As shown
in Fig 2A, RSPO1 interacted with ZNRF3 ECD with modest affinity
(Kd 0.8 mM). Consistent with results from the cell-based binding
assay (Fig 1B), RSPO1 R66A has significantly reduced affinity with
ZRNF3 ECD in the SPR assay (Fig 2B). We previously identified a
ZNRF3 mutant (P103A) that has significantly reduced interaction
with RSPO1 in the cell-based binding assay [18]. Confirming that
result, ZNRF3 ECD P103A also has much reduced interaction with
RSPO1 in the SPR assay (Fig 2C). Together, these results indicate
that RSPO1 specifically binds to ZNRF3, but this binding is
significantly weaker than the binding between RSPO1 and LGR4/5
(Kd 8 nM) [15]. The significance of this finding is discussed later.

Receptor-binding motifs are required for signaling
We have previously proposed that R-spondin increases Wnt
signalling by binding to both LGR4 and ZNRF3, which leads to
inhibition of ZNRF3 [18]. This model predicts that R-spondin
needs to interact with both LGR4 and ZNRF3 at the same time to
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Fig 1 | RSPO1 interacts with LGR4 and ZNRF3 through distinct motifs.

(A) A schematic diagram of the domain structure of human RSPO1.

(B) Differential binding of RSPO1–GFP mutants to LGR4 and ZNRF3

ECD-TM in a cell-based binding assay. HEK293 cells transiently

overexpressing LGR4 or ZNRF3 ECD–TM were incubated with RSPO1–

GFP conditioned medium (CM), and binding of RSPO1–GFP was analysed

by fluorescence microscopy. Similar results were obtained in three

independent experiments. (C) Interaction between WT RSPO1–GFP, R66A/

Q71A double mutant or F106A/F110A double mutant and RNF43–ECD-TM

in cell-based binding assay. (D) The level of wild-type or mutant RSPO1–

GFP used in cell-based binding assay. The level of wild-type or mutant

RSPO1–GFP in conditioned medium was determined by western blot using

anti-GFP antibody. ECD, extracellular domain; FU1, furin-like domain 1;

FU2, furin-like domain 2; GFP, green fluorescent protein; SP, signal

peptide; TSP, thrombospondin domain.
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be functional. To test this hypothesis, we tested RSPO1 mutants
that failed to bind to either LGR4 or ZNRF3 in SuperTopflash (STF)
Wnt reporter assay in HEK293 cells. R-spondin only functions as
Wnt enhancer, and its activity in HEK293 cells is completely
dependent on endogenous Wnt [12]. We tested RSPO1 mutants in
the HEK293–STF reporter assay with or without low dose of
Wnt3a CM, and obtained similar results (Fig 3A). Both FU2
mutants (F106A or F110A), which have defective binding to
LGR4, have drastically reduced signalling activity (Fig 3A). Two
FU1 mutants (R66A or Q71A), which have compromised ZNRF3
binding, had significantly decreased activity, while R66A/Q71A
double mutant lost its signalling activity (Fig 3A). RSPO2 and

RSPO3 proteins can strongly potentiate Wnt/STF activity and share
good sequence homology with RSPO1 in the furin-like domains
(supplementary Fig S1 online). We hypothesized that RSPO2/3
adopt similar mechanism as RSPO1 for receptor interaction.
Residues in RSPO2/3 corresponding to critical residues of RSPO1
were mutagenized to alanine. HEK293–STF cells were treated
with RSPO2 or RSPO3 conditioned medium in the absence or the
presence of low-dose Wnt3a. As expected, RSPO2/3 FU1 or FU2
domain double mutants exhibited significantly reduced activity
(Fig 3B,C). These results indicate that both ZNRF3 and LGR4-
interacting motifs of R-spondin are required for promoting
Wnt signalling.

We have previously shown that RSPO1 promotes LGR4–ZNRF3
interaction and induces membrane clearance of ZNRF3 [18].
We tested whether LGR4 and ZNRF3 binding motifs of RSPO1
are required for these activities. Although wild-type RSPO1
increased the interaction between LGR4 and ZNRF3 in a co-
immunoprecipitation assay, both R66A/Q71A and F106A/F110A
mutants lost this activity (Fig 3D). Also note that wild-type RSPO1
and F106A/F110A mutant, but not R66A/Q71A mutant, were co-
immunoprecipitated with ZNRF3 (Fig 3D), consistent with results
from cell-based binding assay (Fig 1B). We next showed that
unlike wild-type RSPO1, neither R66A/Q71A nor F106A/F110A
mutant reduced the membrane level of ZNRF3 in a FACS assay
(Fig 3E). These results indicate that both LGR4 and ZNRF3 binding
motifs are required for RSPO1-induced LGR4/ZNRF3 interaction
and downregulation of ZNRF3 on the cell surface.

We next tested whether RSPO1 Furin 1 and Furin2 domain
mutants interfere with the signalling activity of wild-type RSPO1.
HEK293–STF cells were treated with wild-type RSPO1 in the
absence or the presence of 10-fold excess of RSPO1 R66A/Q71A,
F106A/F110A or R66A/Q71A/F106A/F110A mutant (Fig 3F).
RSPO1 R66A/Q71A mutant, which binds to LGR4 but not ZNRF3,
reproducibly decreased Wnt-promoting activity of wild-type
RSPO1 (Fig 3F). The R66A/Q71A mutant most likely exerts its
dominant negative activity by affecting the interaction between
wild-type RSPO1 and LGR4. Consistent with this hypothesis, the
R66A/Q71/F106A/F110A mutant, which would not bind to LRG4,
lost this dominant negative activity (Fig 3F). Interestingly, RSPO1
F106A/F110A mutant, which binds to ZNRF3 but not LGR4, did not
show dominant activity in this assay condition. This is consistent
with the observation that RSPO1–ZNRF3 affinity is much lower
than RSPO1–LGR4/5 affinity. Presumably, LGR4-bound RSPO1
would have easier access to ZNRF3, rendering it resistant to the
dominant activity of RSPO1 F106A/F110A.

Taken together, these results indicate that both LGR4 and
ZNRF3 binding motifs are required for the ability of RSPO1 for
inhibiting ZNRF3 and promoting Wnt signalling.

Characterization of RSPO1 neutralizing SOMAmer
Next we utilized R-spondin neutralizing agents to further define
critical elements of R-spondin. SOMAmers (slow off-rate modified
aptamers) are single stranded DNA-based protein affinity reagents
that incorporate chemically modified nucleotides, and SOMAmers
with high affinity and specificity can be quickly generated through
aptamer selection technology (SELEX) [20]. Although SOMAmers
have mostly been used for biomarker studies, SOMAmers with
neutralizing activities can be easily generated. One RSPO1
SOMAmer (S1) with strong neutralizing activity was identified.
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SOMAmer S1, but not its scrambled control (Ctr), strongly
inhibited RSPO1-induced STF, without affecting RSPO3 or
Wnt3a-induced STF (Fig 4A). SOMAmer S1 interacts with RSPO1
but not RSPO3 in the SPR assay (supplementary Fig S3 online). We
tested whether SOMAmer S1 directly interacts with ZNRF3 or
LGR4 binding motif of RSPO1 using a pull-down assay. As seen in
Fig 4B, SOMAmer S1 bound to RSPO1–GFP and RSPO1 F106A/
F110A–GFP, but its binding to RSPO1 R66A/Q71A–GFP was
significantly reduced (Fig 4B). These results indicate that
SOMAmer S1 might directly bind to ZNRF3 binding site of
RSPO1 and block its interaction with ZNRF3. Indeed, SOMAmer
S1 strongly inhibited the interaction between RSPO1 and ZNRF3
ECD-TM in the cell-based binding assay (Fig 4C). Interestingly,
SOMAmer S1 also blocked the interaction between RSPO1
and LGR4 in the same assay (Fig 4C). This finding is not surprising,
considering that SOMAmer is 18 KD, whereas FU1-FU2 is only
11KD combined. SOMAmer S1 potentially blocks RSPO1–LGR4
interaction by creating steric hindrance or inducing a
conformation change of RSPO1.

ZNRF3 serves as the primary target of R-spondin
Beyond LGR4/5 and ZNRF3/RNF43, R-spondin has been reported
to bind to several other proteins. The relative contribution of these
R-spondin binding proteins to the signalling activity of R-spondin
is not clear. We have previously shown that overexpression of
ZNRF3 ECD-TM, but not a mutant with reduced binding to
R-spondin, specifically blocks R-spondin-induced STF [18].
However, this experiment does not prove ZNRF3 is the
functional target of R-spondin. It is conceivable that R-spondin
increases Wnt signalling through binding to another protein,
whiereas overexpression of ZNRF3 ECD-TM merely sequesters
R-spondin from such a functional target. In addition, inability of
RSPO1 R66A/Q71A to activate Wnt/b-catenin signalling does not
prove ZNRF3 interaction is required for R-spondin signalling, as
this mutation might disrupt another critical interaction to be
identified. We reasoned that if R-spondin functions by binding and
inhibiting ZNRF3, cells expressing a ZNRF3 mutant that does not
bind to R-spondin should be refractory to Wnt-promoting activity
of R-spondin. To eliminate the contribution of endogenous

Input

SOMAmer
pulldown

α-GFP

α-GFP

W
T

R66A/Q71A

F106A/F110A

S1

Z
N

R
F3

 E
C

D
-T

M
LG

R
4

E
V

W
T

CtrSOMAmer: S1 S1

RSPO1
–GFP

RSPO1-Fc

RSPO1-Fc

RSPO1-Fc +
SOMAmer-S1

RSPO1-Fc +
SOMAmer-Ctr

S
1

C
tr

M
oc

k

S
1

C
tr

M
oc

k

S
1

C
tr

M
oc

k

5% Wnt3a CM
+ 4nM RSPO1

5% Wnt3a CM
+ 4nM RSPO3

40% Wnt3a CM

5%
 W

nt
3a

 C
M

N
o 

tr
ea

tm
en

t0

50

350

300

250

200

150

100

450

400

R
el

at
iv

e 
lu

ci
fe

ra
se

 a
ct

iv
ity

25 nM

12.5 nM

Fig 4 | Characterization of RSPO1 SOMAmer. (A) RSPO1 SOMAmer specifically inhibits RSPO1-induced STF. HEK293–STF cells were treated with 4 nM

RSPO1 plus 5% Wnt3a CM, 4 nM RSPO3 plus 5% Wnt3a CM or 40% Wnt3a alone, together with SOMAmer at indicated concentrations. After

overnight treatment, STF luciferase activity was measured. S1, RSPO1-specific SOMAmer. Ctr, scrambled control. Data are representative of three

independent experiments. (B) RSPO1 SOMAmer has defective binding to RSPO1 R66A/Q71A mutant. Conditioned medium of RSPO1–GFP WT,

R66A/Q71A or F106A/F110A was incubated with biotinylated RSPO1-specific SOMAmer (S1) or scrambled control (Ctr). RSPO1–GFP pulled down by

SOMAmers was analysed by immunoblotting using anti-GFP antibody. (C) RSPO1-specific SOMAmer blocks the interaction between RSPO1-Fc and

ZNRF3 or LGR4. SOMAmer S1 or scrambled control (Ctr) was incubated with RSPO1-Fc and HEK293 cells overexpressing LGR4 or ZNRF3, and

RSPO1-Fc binding to the receptors was detected by immunofluorescence microscopy. CM, conditioned medium; ECD, extracellular domain; EV, empty

vector; GFP, green fluorescent protein; SOMAmer, slow off-rate modified aptamers; STF, SuperTopflash; WT, wild type.

Signalling mechanism of R-spondin

Y. Xie et alscientificreport

1124 EMBO reports VOL 14 | NO 12 | 2013 &2013 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION



ZNRF3, we treated cells with ZNRF3 small interfering RNA
(siRNA) and performed the experiment in a cDNA rescue setting.
As seen in Fig 5A, treatment of HEK293 cells transfected with
empty vector with ZNRF3 siRNA or RSPO2 proteins dramatically
increased STF reporter (comparing bar 1 and bar 2, and bar 1 and
bar 3). RSPO2 proteins slightly increased STF reporter in cells
treated ZNRF3 siRNA (comparing bar 2 and bar 4), which might
be due to incomplete knockdown of endogenous ZNRF3 by
siRNA. ZNRF3 siRNA-induced STF can be suppressed by
exogenous wild-type ZNRF3 (ZNRF3 WT) (comparing bar 2 and
bar 6), indicating that exogenous ZNRF3 can replace endogenous
ZNRF3 to suppress Wnt signalling. Interestingly, ZNRF3 H102A/
P103A, which has defective interaction with R-spondin [18],
also suppressed ZNRF3 siRNA-induced STF (comparing bar 2 and
bar 10), suggesting that ZNRF3 H102A/P103A is as active as
wild-type ZNRF3 in suppressing Wnt signalling. Wild-type
ZNRF3-suppressed Wnt signalling can be reversed by RSPO2
protein (comparing bar 6 and bar 8), consistent with the
hypothesis that the function of ZNRF3 is suppressed by
R-spondin. Most importantly, the Wnt-inhibitory activity of
ZNRF3 H102A/P103A is resistant to RSPO2 (comparing bar 10
and bar 12). Expression levels of wild-type ZNRF3 and ZNRF3
H102A/P103A in cell lysates or on the cell surface are
indistinguishable (Fig 5B). These results indicate that ZNRF3
H102A/P103A is fully capable of inhibiting Wnt signalling, but its
activity cannot be suppressed by R-spondin, presumably due to
its decreased interaction with R-spondin. Together, these results
strongly suggest that ZNRF3 and RNF43 are the primary targets
mediating the action of R-spondin.

DISCUSSION
Our study provides strong support for the bi-receptor model of
R-spondin action. R-spondin increases Wnt signalling by forming

a receptor complex with LGR4 and ZNRF3, which leads to
inactivation of ZNRF3 and stabilization of Frizzled. In the
R-spondin-LGR4–ZNRF3 complex, LGR4 serves as the engage-
ment receptor, functioning through recruitment of R-spondin to
ZNRF3. ZNRF3 serves as the effector receptor and inhibition of
ZNRF3 by R-spondin potentiates Wnt signalling.

The interaction between R-spondin and ZNRF3, although weak,
is specific and physiologically important. Subtle mutations in
either RSPO1 or ZNRF3 can disrupt this interaction. Q71 in the
FU1 domain of RSPO1 is a critical residue for RSPO1–ZNRF3
interaction. Mutation of the corresponding residue in RSPO4
(Q65R) is found in inherited anonychia [4]. The weak affinity
between R-spondin and ZNRF3 can explain why LGR4 is
critical for R-spondin signalling. Without LGR4, the weak
interaction between R-spondin and ZNRF3 is not sufficient to
bring R-spondin to ZNRF3.

The R-spondin-LGR4–ZNRF3 complex is reminiscent of the
Wnt–Frizzled–LRP6 complex [21]. In the Wnt–Frizzled–LRP6
complex, Wnt binds to Frizzled and LRP6 simultaneously. LRP6
acts as the effector receptor, functioning by binding and
inactivating the Axin complex. Frizzled serves as the engagement
receptor, possibly functioning by recruiting Dishevelled and
promoting the formation of the Wnt receptor signalosome. The
R-spondin-LGR4/5–ZNRF3/RNF43 complex represents a fascinat-
ing example of a secreted protein regulating receptor turnover by
targeting membrane E3 ubiquitin ligases. Furthermore, it provides
us exciting opportunities of designing new therapeutic agents
to block or mimic R-spondin action to treat cancer or promote
tissue regeneration.

During the process of manuscript submission, a crystal structure
of RSPO1–LGR5-RNF43 was published on-line [22], which shows
that the Furin1 domain of RSPO1 binds to RNF43 and the Furin 2
domain of RSPO1 interacts with LGR5. Our functional studies
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Fig 5 | Cells expressing ZNRF3 mutant with defective R-spondin interaction are refractory to the Wnt-stimulatory activity of R-spondin. (A) HEK293

cells were first transfected with control pGL2 siRNA or ZNRF3 siRNA to eliminate endogenous ZNRF3. Twenty-four hours after siRNA transfection,

cells were transfected with empty vector (EV), Myc-ZNRF3 WT or Myc-ZNRF3 H102A/ P103A expression plasmid, and STF reporter. Twenty-four

hours after plasmid transfection, all wells were treated with 5% Wnt3a and selected wells were treated with 200 ng/ml of RSPO2 proteins. STF

luciferase activity was measured 24 h later. Data are representative of three independent experiments. (B) ZNRF3 WT and ZNRF3 H102A/P103A are

expressed on the cell surface and total cell lysates (TCL) at the similar level. Cells transfected with Myc-tagged ZNRF3 WT or ZNRF3 H102A/P103A

were subjected to membrane biotinylation, and biotinylated membrane proteins were pulled down with avidin beads, fractionated and blotted with

anti-Myc antibody. CM, conditioned medium; ECD, extracellular domain; EV, empty vector; GFP, green fluorescent protein; siRNA, small interfering

RNA; STF, SuperTopflash; TCL, total cell lysates; WT, wild type.
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complement perfectly with this structure study; critical residues
of RSPO1 identified in our study directly interact with LGR5 or
RNF43 in the crystal structure. Chen et al [22] also demonstrated
a direct interaction between RSPO1 and RNF43, although the
binding affinity (7–10 mM) is weaker than what we observed for
RSPO1 and ZNRF3 (Kd 0.8 mM). This discrepancy is likely because
of different proteins used or different methods of measurement.
Several crystal structures of RSPO1–LGR4 or RSPO1–LGR5
were also published [23–25]. In these structures, beyond
the Furin 2 domain, the Furin 1 domain is also involved in the
interaction with LGR4/5, which we did not detect in our cell-
based binding assay. This could result from different assay formats
and limited assay sensitivity.

METHODS
Plasmids and proteins. Full-length or fragments of ZNRF3, RNF43
and R-spondin cDNA with corresponding protein tags were
cloned with recombinant DNA techniques as previously reported
[18]. Site-specific mutagenesis was performed using QuikChange
Lightning Site-Directed Mutagenesis Kit (Agilent Technologies).
Recombinant ZNRF3 ECD-Fc, RSPO1-Fc and RSPO3-Fc were
expressed in HEK293F cells and purified using Protein A beads
(GE) followed by size exclusion chromatography over a Superdex
200 column (GE). His-tagged R-spondin1 was expressed from
HEK293F cells and purified with Ni Sepharose 6 Fast Flow beads
(GE) followed by size exclusion chromatography over a Superdex
200 column (GE). The purity of proteins is over 95%. RSPO2 and
RSPO3 recombinant proteins were from R&D Systems.

Cell-based binding between RSPO1 and its receptors. HEK293
cells were transiently transfected with LGR4, ZNRF3 ECD-TM or
control. After 48 h of transfection, growth media was removed and
cells were incubated with RSPO1–GFP conditioned media for
1 hour at 37 1C. Cells were washed once with phosphate-buffered
saline, and fixed in 4% paraformaldehyde before fluorescence
microscopy analysis.

Luciferase assay. STF luciferase assays were performed using
BrightGlo or DualGlo Luciferase Assay kits (Promega) according
to the manufacturer’s instructions. STF Luciferase reporter was
transiently transfected or integrated into HEK293 cells as a read
out for Wnt activity. Experiments were done with four replicates
and standard deviation was calculated.

Supplementary Information is available at EMBO reports online
(http://www.emboreports.org).
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