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The four R-spondins (RSPO1-4) strongly potentiate Wnt sig-
naling and play critical roles in normal development, adult stem
cell survival, and cancer development and aggressiveness. All
four RSPOs have been suggested to potentiate Wnt signaling by
binding to three related receptors, i.e. leucine-rich repeat—
containing, G protein— coupled receptors 4, 5, and 6 (LGR4/5/
6), and then inducing the clearance of two E3 ubiquitin ligases
(RNF43 and ZNRF3) that otherwise would ubiquitinate Wnt
receptors for degradation. Here, we show that RSPO1-4 have
differential dependence on LGRs in potentiating Wnt/f3-
catenin signaling and that RSPO2 can enhance this pathway
without any LGR. LGR4 knockout (LGR4KO) in HEK293 cells
completely abrogated the Wnt/f-catenin signaling response to
RSPO1 and RSPO4 and strongly impaired the response to
RSPO3. RSPO2, however, retained robust activity albeit with
decreased potency. Complete rescue of RSPO1-4 activity in
LGR4KO cells required the seven-transmembrane domain of
LGR4. Furthermore, an RSPO2 mutant with normal binding
affinity to ZNRF3 but no or little binding to LGR4 or LGR5 still
potentiated Wnt/f-catenin signaling in vitro, supported the
growth of intestinal organoids ex vivo, and stimulated intestinal
crypt growth in vivo. Mechanistically, RSPO2 could increase
Wnt receptor levels in the absence of any LGR without affecting
ZNRF3 endocytosis and stability. These findings suggest that
RSPO1-4 use distinct mechanisms in regulating Wnt and other
signaling pathways, which have important implications for
understanding the pleiotropic functions of RSPOs and LGRs in
both normal and cancer development.

R-spondins (RSPOs)? are a group of four related secreted
proteins with critical roles in organ development and survival of
adult stem cells as well as in cancer development. They were
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originally isolated as thrombospondin domain- containing
genes with high expression in the roof plate of the neuronal
tube and therefore referred to as R-spondins (1). The four
RSPOs (RSPO1-4) are ~50% identical to each other in amino
acid sequence and constitute an overall similar structure with
the N-terminal half containing two cysteine-rich, furin-like
domains (Ful and Fu2) and the C-terminal half containing a
thrombospondin (TSP)-like domain followed by a highly basic
region (1, 2). Human genetic studies revealed that RSPO1 is
essential for ovarian development, whereas RSPO4 is required
for nail formation (3—5). In mice, knockout of either RSPO2 or
RSPO3 is embryonically lethal, attributed to major defects in
lung and limb (RSPO2) or placental development (RSPO3)
(6—8). Aberrant expression of RSPO2 and RSPO3 through gain
of expression of gene fusions was identified in subsets of colon
and other solid tumors as a driving mechanism of oncogenesis
(9). Overexpression of RSPO3 in lung adenocarcinomas due to
transcriptional activation promotes tumor aggressiveness, and
anti-RSPO3 antibodies are being tested in clinical trials for can-
cer treatment (10, 11).

The pleiotropic functions of RSPO1-4 in normal and cancer
development were believed to be mediated by their robust
potentiation of Wnt/B-catenin signaling. Initial studies showed
that all RSPOs were able to enhance Wnt/B-catenin signaling
through increasing phosphorylation of Wnt coreceptors
LRP5/6 but could not activate the 3-catenin pathway on their
own (2, 12-14). Studies by us and others then demonstrated
that RSPOs bound to a group of three related receptors leucine-
rich repeat— containing, G protein— coupled receptors 4, 5, and
6 (LGR4, LGR5, and LGR6) with high affinity to potentiate Wnt
signaling (15-18). Meanwhile, it was discovered that two
related E3 ubiquitin ligases, RNF43 and ZNRF3, which are inte-
gral membrane proteins with an extracellular domain capable
of binding to RSPOs and a large intracellular domain contain-
ing a RING-type ubiquitin ligase, could negatively regulate
Wnt/B-catenin signaling via ubiquitination and degradation of
the Wnt coreceptor Frizzled (FZD) (19, 20). These studies
showed that RSPOs could clear the E3 ligases from the cell
membrane through simultaneous binding to LGR4 and RNF43/
ZNRF3 (19), leading to increased levels of FZD receptor and
thus higher Wnt signaling. The binding affinities of RSPO1-4
for RNF43/ZNRF3 vary considerably, but they have similar
potency and efficacy in potentiating Wnt/B-catenin signaling
with the exception of RSPO4, which has lower efficacy (15,
21-23). Thus, the current model is that RSPO enhances Wnt/f3
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Distinct activities of RSPO1-4

signaling by facilitating LGR4/5 binding to RNF43/ZNRF3 and
inducing their clearance. However, this is predicated on the
hypothesis that RSPO requires LGR4/5 for binding and inter-
nalization of the E3 ligases (19, 24).

Conversely, we and others showed that LGR5 forms a super-
complex with the Wnt signalosome to potentiate Wnt/fS3-
catenin signaling (16, 25). We demonstrated that both LGR4
and LGR5 interact with a signaling scaffold protein, IQGAPI,
through their seven-transmembrane domain (7TM) (26, 27).
Furthermore, LGR4 was shown to form a supercomplex with
the Wnt signalosome through IQGAP1-Dishevelled inter-
action to increase LRP5/6 phosphorylation and therefore
enhance Wnt/B-catenin signaling (26). Importantly, this
LGR4/IQGAP1 pathway is contingent on RSPO-mediated
inhibition of RNF43/ZNRF3 because the E3 ligases have a dom-
inant effect on Wnt receptor level (26). Here, we report that, in
the absence of LGR4/5, RSPO2 retains its ability to potentiate
Wnt/B-catenin signaling, likely due to its intrinsic, high-affinity
binding to ZNRF3. An LGR4 binding— defective RSPO2 mutant
was able to support the growth of intestinal crypts ex vivo
and in vivo. In contrast, RSPO1 and RSPO4 were completely
dependent on LGR4 for potentiating Wnt/B-catenin signal-
ing even though RSPO1 showed moderate binding to ZNRF3
in the absence of LGR4. Complete rescue of RSPO1-4—
mediated Wnt/Bcatenin activity in LGR4KO cells required
the 7TM domain of LGR4 despite the extracellular domain
(ECD) TM and full-length LGR4 having equal RSPO binding
affinities. The findings suggest that LGR dependence of
RSPOs is RSPO-specific and that both inhibition of RNF43/
ZNRF3 and recruitment of IQGAP1 are essential for full
activity of RSPO1-4.

Results

Knockout of LGR4 in the Wnt/3-catenin signaling reporter cell
line HEK293-STF led to complete loss of response to RSPO1

HEK293-Super TOPFlash (STF) is a reporter cell line that
stably harbors the firefly luciferase gene under the control of
B-catenin/T-cell factor enhancer and has been widely used for
the measurement of Wnt/B-catenin signaling (28). STF cells
showed a robust, dose-dependent response to RSPO1, and this
activity required the presence of Wnt ligands (Fig. S1, A and B).
To characterize the relationship between RSPOs and LGR4 in
potentiating Wnt/B-catenin signaling, we used the CRISPR/
Cas9 method to knock out LGR4 in STF cells (29). Lenti-
CRISPR2 containing an LGR4 single guide RNA sequence was
introduced into STF cells, and two stable clones (designated C6
and C11) with loss of LGR4 protein were identified (Fig. 14,
upper panel). Analysis of the genomic DNA sequences of the
two clones revealed that C11 had either a bp deletion or inser-
tion located inside the guide sequence (Fig. S2) with no evi-
dence of exon skipping (Fig. S3). Clone C6, however, contained
various deletions of 7— 80 nucleotides and a small percentage of
wildtype (WT) sequences (Fig. S2), indicating that the colony
was a mixture of cells when picked, and some of the cells were
mutated in only one allele. Both clones no longer responded to
RSPOL1 stimulation at up to 10X the saturating concentration
in the parental cells (Fig. 1B). All the following LGR4KO data
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Figure 1. RSPO1-4 have differential dependence on LGR4 to potentiate
Wnt/pB-catenin signaling. A, upper panel, WB of LGR4 and actin in parental
STF cells (P) and two clones (C6 and C11) with CRISPR-mediated KO of LGR4.
Lower panel, WB of phospho-LRP6 (pLRP6), total LRP6 (tLRP6), and actin in
parental and STF-LGR4KO C11 cells treated with RSPO1 and Wnt3a-CM for 5 h.
Ratios of phospho-LRP6 and total LRP6 to actin, normalized to parental STF
without RSPO1 treatment, are shown below the WB bands. B, TOPFlash results
of RSPO1 response in parental STF cells and LGR4KO C6 and C11 cells. C,
TOPFlash results of RSPO1-4 in parental STF cells. D, TOPFlash results of
RSPO1-4in STF-LGR4KO C11 cells. All TOPFlash activity (Act.) was normalized
by the cell number first and then to the baseline (no ligand, Wnt3a-CM only).
All error bars are S.E. (n = 3).
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presented here were obtained with 293-STF-LGR4KO C11 asiit
only contained two frameshift mutations in genomic DNA
and lacked LGR4 expression. Western blot (WB) analysis of
C11 showed that RSPO1 could no longer induce LRP6 phos-
phorylation (Fig. 1A, lower panel). Furthermore, transfec-
tion of recombinant LGR4 into either clone restored the
RSPO1 response to its full potency and efficacy (Fig. S44). In
addition, loss of LGR4 had no apparent effect on the
response to Wnt3a alone (Fig. S4B). These results suggest
that STF cells depend on LGR4 to confer response to RSPO1,
consistent with previous data that HEK293 cells do not
express LGR5 or LGR6 at levels sufficient to confer response
to RSPOs (15, 16, 18).

RSPO2 potentiates Wnt/B-catenin signaling in the absence of
LGR4

Next, we compared the enhancement of Wnt/B-catenin sig-
naling by recombinant, full-length RSPO1-4 in STF-parental
and -LGR4KO C11 cells. As expected, all four RSPOs were able
to potentiate Wnt/S-catenin signaling in STF-parental cells in
the rank order of potency of RSPO3 > RSPO2 > RSPO1 >
RSPO4 with similar maximum efficacy (Fig. 1C and Table 1),
consistent with previously published results from multiple
groups (15, 16, 21, 22). Surprisingly, RSPO2 was able to poten-
tiate Wnt/B-catenin signaling in STF-LGR4KO cells with ~4
of the potency of the parental cells (Fig. 1D and Table 1). RSPO3
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Table 1
Potency and efficacy of RSPOs in binding and functional assays

Mean and 95% confidence interval are given. ND, not determined; NC, not calculable.

Distinct activities of RSPO1-4

Binding (K},) Function (EC;,)
RSPO LGR4-FL LGR4-ECD ZNRF3-ECD STF STE-LGR4KO
nm nm
RSPO1 ND ND ND 0.43 (0.31-0.59) NC
RSPO2 ND ND ND 0.05 (0.008-0.39) 0.10 (0.01-0.68)
RSPO3 ND ND ND 0.02 (0.005-0.032) NC
RSPO4 ND ND ND 2.75 (0.70-10.88) NC
R1Fu-Fc 19.50 (10.56-35.34) 7.16 (5.54-9.26) 11.48 (5.31 — 24.65) 6.60 (4.21-10.42) NC
R2Fu-Fc 1.27 (0.88-1.82) 0.35 (0.21-0.56) 0.35 (0.14-0.86) 0.30 (0.09-0.97) 40.74 (13.49-125.80)
R3Fu-Fc 2.06 (1.37-3.09) 6.98 (3.42-14.23) 2.34 (1.36-4.02) 0.93 (0.23-3.85) 18.62 (15.04-22.94)
R4Fu-Fc 1.13 (0.81-1.57) 1.05 (0.74-1.51) NC 0.78 (0.09-6.91) NC
R2Fu-F109A NC ND 1.95 (1.23-3.13) 8.33 (2.44-28.5) 21.04 (5.47-80.93)
R2Fu-RQ 0.64 (0.31-1.31) ND 21.76 (10.95-43.24) 8.63 (3.16-23.51) NC
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Furin domains of RSPO1-4 exhibit differential dependence on
LGR4

Previous determinations of RSPO binding to the E3 ligases
were all carried out with recombinant, purified ECDs of RNF43
or ZNRF3 (22, 23, 30). As the furin domains of RSPO1-4 are
both necessary and sufficient to confer potentiation of Wnt/3-
catenin signaling (2, 31), we expressed and purified furin
domain-Fc fusion proteins of each RSPO (R1-4Fu-Fc) and
characterized their interactions with LGR4 and ZNRF3
expressed on cell membrane using live cells. Saturation binding
analysis on HEK293T cells overexpressing LGR4 showed that
furin domains of RSPO2/3/4 had similar binding affinity (K, ~
1 nm), whereas K, of R1Fu-Fc was 20 nm (Fig. 24 and Table 1).
In binding to cells expressing ZNRF3-ECDTM (ZNRF3 trun-
cated of the intracellular domain), the four furin domains dis-
played a wide range of affinity with the rank order of R2Fu >
R3Fu>>R1Fu  R4Fu(Fig. 2B and Table 1). These results are
largely consistent with previous binding data using purified
ECDs of ZNRF3 and LGR4 (22, 23, 30). In STF-parental cells,
the furin domains of RSPO1-4 all displayed similar dose-de-
pendent activity as the full-length RSPOs but with higher EC,
values (Fig. 2C versus 1C). However, R4Fu-Fc showed an
increase in potency (0.77 versus 2.75 nm) (Table 1). The
decreased potency of the furin domains of RSPO1/2/3 is prob-
ably due to loss of binding to proteoglycans on the extracellular
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Figure 2. Furin domains of RSPO2 and RSPO3 potentiated Wnt/B-catenin
signaling without LGR4. A, saturation binding analysis of the furin domains
of RSPO1-4 fused to Fc on HEK293T cells stably expressing full-length human
LGRA4. B, saturation binding analysis of furin domains of RSPO1-4 fused on
HEK293T cells transiently transfected with ZNRF3-ECDTM. C, TOPFlash results
of furin-Fc fusion protein in parental STF cells. D, TOPFlash results of furin-Fc
fusion proteins in STF-LGR4KO cells. All error bars represent S.E. Max., maxi-
mum; Act., activity.

matrix by TSP domains, which have been shown to enhance
RSPO availability at the cell surface (32). In STF-LGR4KO cells,
furin domains of RSPO2 and RSPO3 were equally active,
whereas those of RSPO1 and RSPO4 were completely inactive
(Fig. 2D). The contrasting activity of full-length RSPO3 and its
furin domain in STF-LGR4KO cells suggests that the TSP
domain of RSPO3 may hinder its activity in the absence of
LGR4.

LGR4 binding- defective RSPO2 mutant can potentiate Wnt/[3-
catenin signaling

Cocrystal structures showed that Fu-1 and Fu-2 domains of
RSPOs bind to ZNRF3/RNF43 and LGR4, respectively, and the
two domains are largely structurally independent (23, 33-36).
To further characterize LGR4-independent activity of RSPO2,
we generated and purified RSPO2 furin domain mutants in
R2Fu-Fc (or R2Fu-WT) that are defective in binding to either
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Figure 3. LGR4 binding-defective R2Fu mutant potentiated Wnt/g-
catenin signaling. A and B, saturation binding of R2Fu-WT, -F109A, and -RQ
to HEK293T cells stably expressing LGR4 (A) or transiently expressing ZNRF3-
ECDTM (B). C and D, TOPFlash results of R2Fu-WT and the two mutants in
parental STF cells (C) or STF-LGR4KO cells (D). All error bars represent S.E. Max.,
maximum; Act., activity.

LGR4 or ZNRF3. Phe-109 in RSPO2 Fu-2 domain is predicted
to make direct contact with LGR4/5-ECD, and its mutation to
Ala (R2Fu-F109A) led to total loss of binding to LGR4 and near
total loss to LGR5 without affecting binding to ZNRF3 (Fig. 3, A
and B, Fig. S5, and Table 1). Single mutations of Arg-65 and
Glu-70 in RSPO2 Fu-1 domain were reported to have much
lower binding affinity to purified ZNRF3-ECD (23). We gener-
ated a double mutant, R65A/Q70R, of R2Fu-Fc (R2Fu-RQ) and
found that it still retained considerable binding to ZNRF3-
overexpressing cells at higher concentrations, whereas its bind-
ing to LGR4-overexpressing cells remained unchanged when
compared with the R2Fu-WT (Fig. 3, A and B, and Table 1).
Wnt/B-catenin reporter assays of R2Fu-WT, R2Fu-F109A, and
R2Fu-RQ in STF-parental cells showed that R2Fu-F109A and
R2Fu-RQ were both active but displayed lower potency
and efficacy (Fig. 3C). This suggests that the lack of LGR4 bind-
ing by R2Fu-F109A reduced the maximum TOPFlash activity
by ~% when compared with WT. Likewise, mutation of E3
ligase— binding sites in R2Fu-RQ resulted in a similar decrease
in TOPFlash activity. These results indicate that binding of
RSPO2 to both LGR4 and E3 ligases is important to potentiate
Wnt/B-catenin signaling. In contrast, R2Fu-WT and R2Fu-
F109A showed similar TOPFlash activity in STF-LGR4KO cells
(Fig. 3D) as both ligands only interacted with E3 ligases in the
absence of LGR4. However, R2Fu-RQ TOPFlash activity was
completely abolished even though it retained substantial bind-
ing affinity to ZNRF3 and unchanged affinity to LGR4 (Fig. 3, B
and D). Taken together, these results revealed that, for RSPO2,
binding to LGR4 is not essential for potentiation of Wnt/3-
catenin signaling so long as high-affinity binding to ZNRF3 is
retained.
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Figure 4. The 7TM domain of LGR4 is required to fully rescue RSPO1-4.
A-D, TOPFlash assay results of STF-LGR4KO C11 cells transiently transfected
with vector control, LGR4-FL, or LGR4-ECDTM anchored to the cell membrane
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error bars represent S.E. Act., activity.
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Complete rescue of RSPO1-4 activity requires the 7TM domain
of LGR4

Previously, we proposed that RSPO-LGR4 potentiated Wnt/
B-catenin signaling through two parallel pathways: inhibition
of ZNRF3/RNF43 and recruitment of IQGAP1 to enhance
LRP6 phosphorylation with inhibition of the E3 ligases having a
dominant effect (26). We reasoned that at least some of the
differential activities of RSPO1-4 may be due to differences in
engaging IQGAPI1 and E3 ligase pathways. IQGAPI recruit-
ment requires the 7TM domain of LGR4, whereas ZNRF3/
RNF43 binding is mediated by RSPOs bound to LGR4-ECD.
Therefore, we examined whether RSPO1-4 would respond dif-
ferentially in STF-LGR4KO cells transfected with either full-
length LGR4 (LGR4-FL) or LGR4 mutant (LGR4-ECDTM) that
expresses LGR4-ECD anchored to cell membrane via the single
transmembrane domain of CD4 (26). Ligand binding analysis
showed that LGR4-ECDTM expressed in HEK293T cells
bound to the furin domains of RSPO1-4 with the same affinity
as LGR4-FL- overexpressing cells (Fig. S6A and Table 1). When
transfected into STF-LGR4KO cells, LGR4-FL was able to res-
cue RSPO1-4 activity to full potency and efficacy (Fig. 4, A-D,
and Table 2). In contrast, LGR4-ECDTM only partially rescued
RSPO1-3 with little effect on RSPO4 (Fig. 4, A—D, and Table 2).
WB analysis of the transfected cells indicated that LGR4-FL and
-ECDTM were expressed at comparable levels (Fig. S6B).
Because LGR4-ECDTM binds to RSPO1-4 with the same high
affinity as LGR4-FL, these results suggest that full activity of
RSPO1-4 requires the 7TM domain and the engagement of
both the IQGAP1 and E3 ligase pathways. Interestingly, LGR5-
ECD anchored to cell membrane was also shown to be unable to
rescue RSPOL1 activity in Wnt/S-catenin signaling in HEK293
cells (34).
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Table 2

Potency and efficacy of RSPOs in functional assays in transiently trans-
fected LGR4KO cells

Mean and 95% confidence interval are given. NC, not calculable.

RSPO Vector control LGR4-FL LGR4-ECD
RSPO1 NC 0.17 (0.07-0.42) 3.68 (2.38-5.67)
RSPO2  3.93(1.39-11.11)  0.05 (0.01-0.24) 10.07 (2.35-43.17)
RSPO3 NC 0.02 (0.003-0.132)  0.08 (0.01-0.55)
RSPO4 NC 0.17 (0.03-0.84) NC

LGR4 binding- defective RSPO2 mutant supports organoid
growth ex vivo and intestinal growth in vivo

Based on our in vitro studies, LGR4-independent potentia-
tion of Wnt/B-catenin signaling by RSPO2 is expected to sup-
port intestinal growth ex vivo and in vivo. In this context, we
first tested effects of R2Fu-WT and R2Fu-F109A on intestinal
organoid growth ex vivo. Organoid cultures were established
from the neonates of Lgr5 heterozygous mice (Lgr5-EGFP-
IRES-creERT2) and tested with various concentrations of
R2Fu-WT and R2Fu-F109A. In the absence of any RSPO ligand
in the culture, there was no visible organoid growth by day 5
(Fig. 5, left panel) as expected. In contrast, both R2Fu-WT—
and R2Fu-F109A-supplemented cultures exhibited organoid
growths starting at day 3 and continuing to day 5 (Fig. 5, right
panels). R2Fu-W'T was able to support organoid growth at the
lowest concentration tested, 0.1 ug/ml, whereas R2Fu-F109A
required a higher dose to observe significant growth of
organoids (Fig. 5), consistent with our in vitro TOPFlash activ-
ity where the EC,, of R2ZFuWT was at least 10-fold lower than
that of R2Fu-F109A. Of note, R2Fu-F109A also showed little
binding to LGR5 as expected (Fig. S5), so this organoid-sup-
porting activity was not due to residual LGR5-mediated func-
tion. Then, we tested whether the FI09A mutant was able to
stimulate intestinal crypt growth in vivo. R2Fu-WT and R2Fu-
F109A were administered into normal C57 mice during an
8-day period for a total of three doses, and the intestinal growth
was examined via histology and Ki67 and olfactomedin 4
(Olfm4) staining. Hematoxylin and eosin staining of the intes-
tines showed that both R2Fu-WT and R2Fu-F109A increased
crypt length compared with the PBS-administered intestine
(Fig. 6A). Ki67 staining confirmed that animals treated with
R2Fu-WT and R2Fu-F109A showed increased numbers of pro-
liferating cells in their intestinal crypts (Fig. 6B). To further
confirm the activation of the Wnt signaling pathway by
R2Fu-WT and R2Fu-F109A, we examined the expression of
Olfm4, a validated Wnt/B-catenin signaling—response gene
and marker of murine intestinal stem cells (37). As shown in
Fig. 6C, Olfm4 staining revealed that the number of stem cells
was increased in both R2Fu-WT- and R2Fu-F109A—-injected
cells compared with the PBS-injected control, confirming acti-
vation of Wnt/B-catenin signaling and increased proliferation
of stem cells. Overall, these results indicate that the RSPO2
furin domain is able to potentiate Wnt/B-catenin signaling and
stimulate intestinal stem cell growth without binding to LGR4,
albeit with lower potency.

RSPO2 increased levels of Wnt coreceptor FZD without LGR4

We then dissected the mechanism of how RSPO2 may poten-
tiate Wnt/B-catenin signaling without binding to its primary
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receptor, LGR4. First, to confirm that the canonical Wnt/3-
catenin signaling pathway was activated by both R2Fu-WT and
R2Fu-F109A, we examined phosphorylation of LRP6 and levels
of nonmembrane-bound B-catenin in STF-parental and
-LGR4KO cells in response to R2Fu-WT or R2Fu-F109A treat-
ment in the presence of Wnt. Phosphorylated LRP6 and
B-catenin levels were elevated to a similar extent in STF-paren-
tal and -LGR4KO cells by both R2Fu-WT and R2Fu-F109A
(Fig. 7A), confirming that LGR4 is not necessary to activate the
canonical Wnt/3-catenin signaling pathway by RSPO2.

Previously, RSPOs were shown to increase levels of Wnt
coreceptor FZDs by bridging LGR4 and RNF43/ZNREF3 to form
a heterotrimer and induce the clearance of the E3 ligases from
the membrane (19), although the details remained poorly
understood. We tested whether RSPO2 activates the Wnt/f3-
catenin pathway by stabilizing FZD and found that both WT
and the F109A mutant of R2Fu-Fc increased levels of FZD5 to a
similar extent when ZNRF3-WT and FZD5 were cotransfected
into either STF-parental or -LGR4KO cells (Fig. 7B). Interest-
ingly, R2Fu-Fc treatment did not cause changes in levels of
ZNREF3 (Fig. 7B), suggesting that increased FZD levels were not
due to RSPO-induced degradation of ZNRF3. We then exam-
ined whether R2Fu-WT and mutant affect endocytosis of
ZNRF3 and found that ZNRF3 was constitutively internalized
in STE-LGR4KO cells, and treatment with either WT or F1I09A
mutant of R2Fu had no gross effect on endocytosis (Fig. 7C).
These results indicate that RSPO2 alone is able to potentiate
Wnt/B-catenin signaling through stabilization of FZD without
affecting degradation or endocytosis of ZNRF3.

Discussion

The four RSPOs share a similar overall structure with a
highly conserved furin domain at the N terminus that is both
necessary and sufficient to potentiate Wnt/B-catenin signaling
and a less conserved C-terminal TSP domain that binds synde-
cans and other proteoglycans and may regulate noncanonical
Wnt signaling. RSPO1-4 have divergent, nonoverlapping
expression with each RSPO having unique, tissue-specific roles
in organ development and carcinogenesis. RSPOs bind to
LGR4 -6 with high affinity and to RNF43/ZNRF3 with a wide
range of affinities (23, 30). However, it has been assumed that
RSPOs potentiate Wnt/B-catenin signaling predominantly by a
similar mechanism, i.e. using LGR4—6 to bind to and clear
RNF43/ZNRF3 by LGR-mediated endocytosis to increase Wnt
receptor level. Here, we present compelling data that indicate
that RSPO1-4 have distinct requirements for LGRs in potenti-
ating Wnt/B-catenin signaling and that endocytosis-mediated
clearance from cell membrane by LGR4 is not essential for inhi-
bition of RNF43/ZNREF3.

For RSPO1-3, the furin domains alone displayed much lower
potency when compared with full-length proteins despite sim-
ilar affinity in binding to LGR4, consistent with data from other
reports (14, 32). The TSP domains of RSPO1-3 were shown to
bind to proteoglycans, such as heparin sulfate proteoglycans,
and syndecans with high affinity (2, 32, 38). Without the TSP
domains, abundance of RSPOs at the membrane is probably
lower than that of the full-length protein, and thus deletion of
TSP domains leads to lower potency without affecting efficacy.
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Figure 5. LGR4 binding-defective RSPO2 mutant supported organoid growth ex vivo. A and B, micrographs of intestinal organoids cultured with
R2Fu-WT or R2Fu-F109A mutant at the indicated concentrations on day 3 (A) or day 5 (B). Scale bars, 250 um.

Interestingly, the furin domain alone of RSPO1 was nearly as
active as full-length RSPOL1 in cells overexpressing LGR4 (21),
further implying that receptor density plays a large role in
potency determination. In addition, the furin domains of both
RSPO2 and RSPO3 bind to ZNRF3/RNF43 with relatively high
affinity (low to sub-nm) and have similar potency and efficacy in
parental STF cells; however, only full-length RSPO2 could
potentiate Wnt/B-catenin signaling with high potency and effi-
cacy in STF-LGR4KO cells. The much-reduced potency and
efficacy of the full-length RSPO3 in LGR4KO cells suggest that
the TSP domain and C-terminal basic regions of RSPO3 inhibit
RSPO3 function structurally without LGR4 expression. Unfor-
tunately, none of the RSPOs have full-length crystal structures
available to verify this speculation. These findings clearly indi-
cate that the furin and TSP domains of different RSPOs affect
each other in unique ways that require further investigation.
The prevailing model of RSPO function is that potency and
efficacy in the potentiation of Wnt/B-catenin signaling are
totally determined by its binding affinity to RNF43/ZNRF3 (22,
23). Here, we found that the correlation between ZNRF3-bind-
ing affinity and potency/efficacy in signaling is unique for each
RSPO, and the potency and efficacy do not always track with
their binding affinity to the E3 ligases. RSPO1 furin domain
(R1Fu) and RSPO2 furin domain mutant (F2Fu-RQ) bind to
ZNRF3 with approximately the same affinity (Table 1); how-
ever, R1Fu showed much better efficacy in signaling potentia-
tion (Fig. 2C versus 3C). Also, R4Fu binds to ZNRF3 with poor
affinity and low maximum binding compared with other
RSPOs; however, it was nearly as effective as all others in sig-
naling (Fig. 2, B and C). If binding to ZNRF3 solely determines
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RSPO’s strength in signaling, these results imply that binding to
LGR4 would somehow induce a conformational change in
RSPO4 to increase its affinity for ZNRF3. However, several
structural studies showed that RSPO binding to LGR4/5 has no
effect on its binding to ZNRF3 (23, 34, 36). Another argument
for ZNRF3 binding affinity being the determining factor is that
RSPO mutations located in the ZNRF3-binding motif all led to
severe reduction or total loss of activity (23, 24, 34, 36). How-
ever, the ZNRF3-binding region of RSPOs is also involved in 2:2
heterodimer formation of RSPO-LGR5 and presumably of
RSPO-LGR4, which may be critical for LGR4 activation (34, 36,
39). Clearly, further studies will be required to delineate the
relationship between RSPO binding to ZNRF3 versus binding
to LGR in trans and its effect on potentiating Wnt signaling.
Another unequivocal aspect of our study is that the 7TM
domain of LGR4 is essential for the full potency and efficacy of
RSPO1-4, presumably through engagement of the IQGAP1
pathway. A similar result was obtained with LGR5 using a gly-
cosylphosphatidylinositol-anchored ECD of LGR5 (34). This
cannot be simply due to the lack of endocytosis by the LGR5-
ECD alone because an LGR5 mutant with impaired endocytosis
was actually more effective in mediating RSPO activity (25, 40).
Furthermore, we found that full-length ZNRF3 is capable of
undergoing endocytosis spontaneously, and treatment with
R2Fu had no obvious effect on the process (Fig. 7C) or on the
protein level of ZNRF3 (Fig. 7B). However, ZNRF3-induced
degradation of FZD5 was prevented by RSPO2 even in the
absence of LGR4 (Fig. 7B). These results imply that RSPOs with
high-affinity binding to ZNRF3 are able to inhibit the interac-
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Figure 6. LGR4 binding- defective RSPO2 mutant stimulated intestinal
crypt growth in vivo. Shown are micrographs of hematoxylin and eosin
(H&E) staining (A) or Ki67 staining (B), or Olfm4 staining (C) of representative
intestine sections. Scale bars (top right corners), 200 um.

tion of ZNRF3 with its substrate (FZD) or its E3 ligase activity
without involving LGRs and the endocytic pathway.

While this manuscript was in preparation, Lebensohn and
Rohatgi (41) reported that RSPO2 and RPSO3 were able to
potentiate Wnt/B-catenin signaling without LGR4, largely con-
sistent with our findings presented here. The report focused on
characterization of RSPO3 and its mutant using a haploid cell
line derived from HEK293 cells and presented evidence that
RSPO3 binding to proteoglycan played a major role in rescuing
its activity. One key difference between this report and ours is
that we found that full-length RPSO3 had low activity, whereas
the furin domain of RSPO3 had higher activity in diploid
LGR4KO cells. This difference may be due to the use of differ-
ent cell lines. In the STF cells we used, binding of RSPO3 to
proteoglycan must have prevented its interaction with ZNRF3
in the absence of LGR4.

In conclusion, we showed that the four R-spondins have
unique requirements for LGR4, and their furin and TSP
domains affect each other in RSPO-specific ways to potentiate
Wnt/B-catenin signaling. Of particular surprise is that RSPO2
has substantial activity without LGR4 and that RSPO3 may also
be able to function similarly depending on the extracellular
matrix context. Additionally, LGR4-mediated endocytosis is
not required for blockade of ZNRF3/RNF43 by RSPO to
increase Wnt receptor levels. These findings have important
implications in understanding the pleiotropic functions and
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mechanisms of RSPOs and LGR in normal development and
disease pathophysiology as well as in the development of ther-
apeutics. This study raises important questions about the inde-
pendent functions and mechanisms of RSPOs and LGR4 in
regulating Wnt signaling and potentially other cell signaling
pathways.

Experimental procedures
Plasmids and cloning

Plasmids encoding HA-LGR4-FL (human LGR4 full length)
and HA-LGR4-ECDTM in pIRES-puro3 were described previ-
ously (15). Full-length rat FZD5 with a FLAG tag at the N ter-
minus was cloned into pIRES-puro3 using standard proce-
dures. Myc-ZNRF3-ECDTM and Myc-ZNRF3-WT were gifts
from Dr. Feng Cong (Novartis Institute for Biomedical
Research) (19). Furin domains of human RSPO1 (AA 21-144),
RSPO2 (AA 37-143), RSPO3 (AA 21-144), and RSPO4 (AA
32-137) fused to human IgG1l-Fc at the C terminus via a
(GGGGS), linker were cloned into pCEP4 vector with a signal
peptide using the In-Fusion HD cloning kit (Clontech). Muta-
tions in RSPO2 furin domain were also generated using the
In-Fusion HD cloning kit. All plasmids were verified by DNA
sequencing.

Recombinant proteins and antibodies

Recombinant full-length human RSPO1-4 were purchased
from R&D Systems. For Western blot analysis, anti-HA (Invit-
rogen catalog number 71-5500), anti-FLAG (Sigma catalog
number F7425), anti-Myc (Cell Signaling Technology catalog
number 2276), anti-B-actin (Cell Signaling Technology cata-
log number 4970), anti-phosphorylated and total LRP6 (Cell
Signaling Technology catalog numbers 2568 and 3395), anti-
tubulin (Cell Signaling Technology catalog number 2146), and
anti-B-catenin (Cell Signaling Technology catalog number
9562) were used. For immunocytochemistry, anti-HA-Alexa
Fluor 488 (Cell Signaling Technology catalog number 2350),
anti-Myc-Cy3 (Sigma catalog number C6594), and anti-human
Alexa Fluor 488 or Alexa Fluor 555 (Invitrogen catalog num-
bers A11013 and A21433) were used. For intestine staining, a
hematoxylin and eosin staining kit (Vector Laboratories catalog
number G-3502), anti-Ki67 (Cell Signaling Technology catalog
number 12202), and anti-Olfm4 (Cell Signaling Technology
catalog number 39141) were used.

Cell culture, transient transfection, and generation of stable
STF LGR4KO cells

HEK293T and HEK293-STF cells were purchased from
ATCC and cultured in high-glucose DMEM supplemented
with 10% fetal bovine serum (FBS) and penicillin/streptomycin
at 37 °C with 95% humidity and 5% CO,. HEK293-LGR4 — and
HEK293-LGR4-ECD- overexpressing cells were generated and
cultured as described previously (15). For transient transfec-
tion, ~80% confluent cells were transfected with DNA:
FuGENE HD (Promega) at a ratio of 1:3 for all transient trans-
fections presented. For CRISPR-based knockout of LGR4 in
STFE cells, the guide sequence GGATGACAACAGCTT-
GACGG (corresponding to nucleotides 480-499 of human
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Figure 7. R2Fu-Fc potentiated Wnt/f-catenin signaling without inducing degradation of ZNRF3. A, WB results of phospho-LRP6 (pLRP6), total LRP6
(tLRP6), actin, nonmembrane-bound B-catenin, and tubulin in parental STF and LGR4KO cells treated with vehicle (lane 1), R2Fu-WT (lane 2), or R2Fu-F109A
(lane 3). Ratios of phospho-LRP6 and total LRP6 to actin and ratios of 3-catenin to tubulin, all normalized to parental STF without treatment, are listed below the
WB bands. B, WB results of FZD5, ZNRF3, and actin in STF-parental and -LGR4KO cells treated with vehicle (lane 1), R2Fu-WT (lane 2), or R2Fu-F109A (lane 3).
Ratios of FZD5 and ZNRF3 to actin, normalized to parental STF without treatment, are listed below the WB bands. C, confocal microscopy images of STF-LGR4KO
C11 cells transiently transfected with ZNRF3 and incubated with vehicle (panel a), R2Fu-WT (panels b-d), or R2Fu-F109A (panels e-g) for 1 h at 37 °C. Immu-
nostaining was performed with Cy3-labeled Myc (ZNRF3) and Alexa Fluor 488 —labeled anti-human antibody (R2Fu-Fc). Scale bars, 10 um.

LGR4 ORF) was cloned into the vector Lenti-CRISPR2 as
described (29). Lentiviral particles of Lenti-CRISPR2 contain-
ing the LGR4 guide sequence were used to infect STF cells and
were selected with puromycin at 1 ug/ml. Single colonies were
isolated and analyzed for LGR4 protein level by Western blot-
ting using the anti-LGR4 antibody 7E6, which we described
previously (42). Genomic DNA sequences of the two LGR4KO
clones, C6 and C11, were determined as follows: the target sin-
gle guide RNA region (exon 5 of LGR4) was amplified from their
respective genomic DNA by PCR using a forward primer
(TTGTGAGACTTGAACTGACTCA; located in intron 4)
and a reverse primer (AGGGAGATTCAACAATTATCATCA;
located in intron 5). The PCR products were cloned into pCR2.1
vector using TA cloning kit (Invitrogen), and a total of 16 plas-
mid clones (six for C6 and ten for C11) were sequenced.

Expression and purification of Fc-tagged RSPO furin domain
proteins

HEK293F cells were purchased from Invitrogen and cultured
in Freestyle™ 293 Expression medium at 37 °C with 95%
humidity and 7% CO,. To produce human Fc-tagged RSPO
furin domain proteins, HEK293F cells were transfected with
pCEP4 vectors harboring each DNA sequence for RSPO furin
domains with Fc tags. Briefly, 1 ug/ml DNA/2.5 X 10° cells was
transfected with 0.5 ug/ul polyethylenimine, and cells were
supplemented with 2.2 mm valproic acid 24 h post-transfection.
Supernatant was retrieved 8 days later, and target proteins were
applied to a column with CaptivA protein A affinity resin (Rep-
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ligen) for purification. The column was washed with 20 mm
phosphate buffer (0.2 M NaH,PO, and 0.2 M Na,HPO,), and the
target proteins were eluted in 100 mwm glycine buffer, pH 2.6,
and 1 M Tris buffer, pH 9.0. Finally, the buffer was exchanged to
PBS using a 30-kDa Amicon Ultra-15 centrifugal filter (Milli-
pore). Protein concentrations were determined using A4, and
purities were verified by Coomassie staining.

Western blotting

If treated, STF-parental, -LGR4KO, or transiently trans-
fected LGR4KO cells were incubated with 0.1 ug/ml RSPO1 for
5hor1 ug/ml R2Fu-Fc overnight in the presence of Wnt. Cells
were lysed with radioimmune precipitation assay buffer (50 mm
Tris-Cl, pH 7.4, 150 mM NaCl, 1 mm DTT, 1% Triton X-100, 1%
sodium deoxycholate, and 0.1% SDS) supplemented with
protease and phosphatase inhibitors and reduced at 37 °C for
1 h. Horseradish peroxidase— conjugated secondary rabbit or
mouse antibodies (Cell Signaling Technology) were used fol-
lowing the standard ECL protocol. For FZD5 blots, ubiquitin-,
FZD5-, and ZNRF3-WT- cotransfected cells were treated with
1 pg/ml R2Fu-WT or R2Fu-F109A in the presence of Wnt,
incubated overnight, and lysed with immunoprecipitation lysis
buffer (25 mm Tris-HCI, pH 7.4, 150 mMm NaCl, 1 mmM EDTA, 1%
Nonidet P-40, and 5% glycerol) supplemented with protease
and phosphatase inhibitors. WB analysis results were quanti-
fied by ratios of each band to its loading control (actin or tubu-
lin) and normalized to a control condition.
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Wnt/B-catenin signaling TOPFlash reporter enzyme assay

HEK293T-STF parental, STF-LGR4KO C6 and C11, and
transiently transfected STF-LGR4KO C11 cells were subjected
to a Wnt3a TOPFlash activity assay in various conditions. For
the Wnt dependence test, STF-parental and -LGR4KO cells
were diluted in various concentrations of Wnt3a-conditioned
medium (CM). RSPO ligands were diluted by 3X or 5X serial
dilution in DMEM or 1:5 Wnt3a CM:DMEM, added to a half-
well white 96-well plate with 5000 cells/well, and incubated
overnight at 37 °C with 95% humidity and 5% CO,. In the case
of treatment with the porcupine inhibitor, LGK974 was added 2
days before cells were treated with RSPO1. Then 1X Alamar
Blue was added to each well, and emission reading at 585 nm
was used to estimate the live cell number. 1:1 luciferase reagent:
DMEM was then added to each well at room temperature for 15
min, and the luciferase level was measured using an Envision
Multimode plate reader (PerkinElmer Life Sciences). The TOP-
Flash activity was formulated by dividing the luciferase reading
by the Alamar Blue count and normalized to the baseline, which
contained Wnt3a-CM only. Dose-response curves (log(ago-
nist) versus response (three parameters)) were fitted using
GraphPad Prism, and EC,, was retrieved. All experiments were
repeated at least three times with duplicates or triplicates in
each experiment.

Whole-cell binding analysis

HEK293-LGR4, HEK293-LGR4-ECDTM, and HEK293-
LGR5 stable cell lines or HEK293T cells transiently transfected
with Myc-ZNRF3-ECDTM were seeded on poly-D-lysine—
coated black, clear-bottom 96-well plates and incubated over-
night. The plates were chilled on ice before binding assays
started. Fc-tagged RSPO furin domain proteins were diluted by
3X serial dilution, added to the cells, and incubated on ice for
1 h. After fixation of cells with 4.2% paraformaldehyde, cells
were incubated with anti-human Alexa Fluor 555 antibody.
Emission at 550 nm was measured using a plate reader (Tecan).
Dose-response curves (log(agonist) versus response (three
parameters)) were fitted using GraphPad Prism to retrieve
half-maximum binding (K,). All experiments were repeated at
least three times with duplicates or triplicates in each
experiment.

Immunofluorescence analysis

For ZNRF3 localization, STF-LGR4KO C11 cells, transfected
with Myc-ZNRF3-WT, were treated with anti-Myc-Cy3 along
with 1 ug/ml R2Fu-WT or R2Fu-F109A in 1:5 Wnt3a-CM:
DMEM with Wnt3a-CM only as a control. The treated cells
were incubated at 37 °C with 95% humidity and 5% CO, for 1 h
and fixed with 4.2% paraformaldehyde followed by permeabili-
zation with 0.1% saponin. Then the secondary antibody, anti-
human Alexa Fluor 488 was used to label Fc-tagged RSPO2.
Cells were imaged under a confocal microscope and analyzed
by Leica LAS AF Lite software.

Ex vivo intestinal crypt organoid culture and intestine growth
invivo

All animal experiments were performed in accordance with a
protocol approved by the Animal Protocol Review Committee
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of the University of Texas Health Science Center at Houston.
B6.129P2-Lgr5" 1 (cre/ERT2)Cle [ mijce were purchased from The
Jackson Laboratory. Mouse intestinal crypt organoid cultures
were established from B6.129P2-Lgr5""!(cre/ERT2)Cle T mijce as
described previously (27, 43). In brief, small intestines were har-
vested from neonates and washed to remove contaminants and
villi. Intestinal fragments were incubated in EDTA for 30 min,
strained, and pelleted. Crypts were resuspended in Matrigel
with DMEM/F-12 containing 10 mm HEPES, GlutaMAX, 1X
B27,1X N2, 1 mm N-acetylcysteine, 50 ng/ml mouse epidermal
growth factor, 100 ng/ml mouse Noggin, and penicillin/strep-
tomycin. The medium was supplemented with 0.1, 0.5, or 2
pg/ml R2Fu-WT and R2Fu-F109A for 5 days. For intestine
growth in vivo, female C57BL/6 mice were purchased from The
Jackson Laboratory and administered with R2Fu-WT or R2Fu-
F109A at 3 mg/kg by intraperitoneal injection on days 1, 3, and
5. PBS was used as a vehicle control. On day 8, the mice were
sacrificed, and intestines were collected and fixed for histology.
Paraffin sections of intestines were either stained with hema-
toxylin and eosin for phenotype characterization or immuno-
stained with Ki67 and Olfm4 antibodies for detection of prolif-
erating cells and intestinal stem cells using standard protocols
for immunohistochemistry analysis.
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