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Abstract

LGR4and LGR5 encode two homologous receptors with critical yet distinct roles in organ
development and adult stem cell survival. Both receptors are co-expressed in intestinal crypt stem
cells, bind to R-spondins (RSPOs) with high affinity, and potentiate Wnt/B-catenin signaling,
presumably by the same mechanism — forming RSPO-bridged complexes with the E3 ligases
RNF43 and ZNRF3 to inhibit ubiquitylation of Wnt receptors. However, direct evidence for
RSPO-bound full-length LGRS interacting with the E3 ligases in whole cells has not been
reported, and only LGR4 is essential for the self-renewal of intestinal stem cells. Here, we
examined the mechanisms of action of LGR4 and LGR5 in parallel using co-immunoprecipitation,
proximity ligation, competition binding, and time-resolved FRET assays in whole cells. Full-
length LGR4 formed a tight complex with ZNRF3 and RNF43 even without RSPO, whereas
LGRS did not interact with either E3 ligase with or without RSPO. Domain-swapping experiments
with LGR4 and LGR5 revealed that the seven transmembrane domain of LGR4 conferred
interaction with the E3 ligases. Native LGR4 and LGR5 existed as dimers on the cell surface, and
LGRS interacted with both FZD and LRP6 of the Wnt signalosome to enhance LRP6
phosphorylation and potentiate Wnt—p-catenin signaling. These findings provide a molecular basis
for the weaker activity of LGRS in potentiation of Wnt signaling that may underlie the distinct
roles of LGR4and LGR5in organ development as well as the self-renewal and fitness of adult
stem cells.

One-Sentence Summary:
LGRS does not inhibit E3 ligases RNF43 and ZNRF3 to potentiate Whnt signaling.

Editor’'s Summary:
Mechanistic differences between LGR4 and LGR5
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The receptor LGR4 promotes Wnt signaling in response to the binding of R-spondin ligands
(RSPOs) both by inhibiting the activities of the E3 ligases RNF43 and ZNRF3 and by directly
stimulating the Wnt signalosome through the scaffold protein IQGAP1. It has been proposed that
LGRS stimulates Wnt signaling through the same mechanism as LGR4 despite the observation
that LGR4 and LGRS5 are not functionally equivalent in vivo. By analyzing the interactions of
LGR4 and LGR5 with RSPOs, components of the Wnt signalosome, and RNF43 and ZNRF3 in
cultured cells, Park et a/. found that LGRS did not bind to RNF43 or ZNRF3 regardless of the
presence of RSPOs but did promote Whnt signaling through IQGAP1. They also found that LGR4
interacted with RNF43 or ZNRF3 regardless of the presence of RSPOs. These findings
demonstrate that LGR4 and LGRS potentiate Wnt signaling through distinct mechanisms.

Introduction

LGR5is a well-established marker of adult stem cells in multiple epithelial tissues,
including the gastrointestinal tract, liver, and skin (1, 2). LGR5 and its two closely related
homologues, LGR4 and LGR6 (~50% amino acid identity), consist of a large extracellular
domain (ECD) containing 17 leucine-rich repeats, a seven-transmembrane (7TM) domain
similar to those of the rhodopsin family of G protein—coupled receptors, and an intracellular
tail with potential phosphorylation sites (3, 4). In the gastrointestinal tract and skin,
expression of LGR5and LGR6is limited to the stem cells, whereas LGR4 is expressed in
both stem cells and proliferating progenitor cells (1, 5-7). Absence of LGR5in the intestine
affects only stem cell fitness with no apparent effect on stem cell self-renewal, but inducible
removal of LGR4 leads to an immediate halt in cell proliferation in the crypts and collapse
of the intestine (8-10), suggesting that L GR4and LGR5 have distinct, non-equivalent
functions in intestinal stem cells. Several studies have demonstrated that the four R-
Spondins (RSPO1-4) function as high-affinity ligands of LGR4-6 to potentiate Wnt
signaling (8, 11, 12). All four RSPOs contain a furin-like domain that binds to LGRs and is
essential for the potentiation of Wnt signaling and a thrombospondin domain (TSP) that
binds to the extracellular matrix and enhances the potencies of the RSPOs (13, 14).
Mechanistically, LGR4-RSPO forms a trimeric complex with ZNRF3, an E3 ligase that
ubiquitylates the Wnt receptor Frizzled (FZD) proteins for degradation (15, 16). When part
of this trimeric complex, ZNFR3 is not able to ubiquitylate FZDs for degradation, leading to
increased abundance of FZDs and, therefore, enhanced Whnt signaling (15, 16). LGR4 also
interacts with the Wnt signalosome by binding to the scaffold protein IQGAP1 and
potentiating Wnt—p-catenin signaling directly (8, 17).

For LGRS, crystal structure analysis showed that the extracellular domain (LGR5ECD)
formed a 2:2 dimer with the furin domain of RSPO, whereas LGR5ECD and RSPO formed
a 1:1:1 trimer with the extracellular domain of RNF43, a ZNRF3 homolog (18-20). These
structural data prompted the model that RSPO-LGRY5, like RSPO-LGRA4, potentiates Wnt—f-
catenin signaling by forming a trimeric LGR5-RSPO-E3 ligase complex that inhibits the
ligase activity to increase Wnt receptor abundance (19-22). However, LGR5-RSPO-E3
ligase trimer formation has never been demonstrated with full-length LGR5 and E3 ligases
in whole cells. Here, we examined LGR4 and LGR5 side-by-side in multiple assays and
found that LGRS, unlike LGR4, did not interact with the E3 ligases in response to RSPO.
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Instead, full-length LGRS interacted with both FZD and LRP6 of the Wnt signalosome and
potentiated Wnt signaling in an IQGAP1-dependent manner.

LGRS potentiates Wnt—p-catenin signaling in response to RPSO1-3 but not in response to

RSPO4

LGRS binds all four RSPOs with high affinity and potentiates Wnt—p-catenin signaling in
cultured cells in response to RSPO1-4 (8, 11, 23). Some studies have also reported that
overexpression of LGRS5 inhibits Wnt—p-catenin signaling in certain cancer cell lines (24,
25). A major caveat to these findings is that effects mediated by LGR4 could not be ruled
out because most of these studies were carried out in cell lines that express LGR4
endogenously or in HEK293T cells with transient knockdown of endogenous LGR4 (8, 11,
18, 23, 25). To clarify the specific activities pf LGRS, we previously used a CRISPR/Cas9-
genereated L GR4 knockout cell line derived from the Wnt—B-catenin reporter HEK293T-
STF (Super TOPFlash) cell line (26, 27). This cell line (STF-LGR4KO) showed near total
loss of response to RSPO1 and RSPO4 with partial response to RSPO2 and RSPO3 (27).
From STF-LGR4KO cells, we generated cell lines that stably express Myc-tagged full-
length L GR5 (STF-4KO-LGR5) or empty vector control (STF-4KO-vect). Expression of
LGR5in STF-4KO-LGR5 cells was validated by live cell staining with the LGR5-specific
antibody 8F2 (8, 28), and binding of purified RSPO2-derived ligand with STF-4KO-vect
cells was used as a negative control (27) (fig. S1, A to D).

We first compared the activities of LGR-dependent RSPO1 and RSPO4 in STF-4KO-LGR5
and STF-4KO-vect cells side-by-side using the TOPFlash assay (26). STF-4KO-vect cells
showed no response to either RSPO, as expected, whereas STF-4KO-LGR5 cells showed a
dose-dependent response to RSPO1 with high potency but little response to RSPO4 (Fig.
1A). RSPO2 and RSPO3 showed activity in STF-4KO-vect cells, and their potency was
much higher in STF-4KO-LGRS5 cells (Fig. 1B). However, the response of STF-4KO-LGR5
cells to RSPO4 was not restored even at high concentrations of RSPO4 (Fig. 1A) despite
RSPO4’s high binding affinity to LGRS (11, 20). This was distinct from parental HEK293T-
STF or HEK293T cells overexpressing LGR4, which responded to all four RSPOs with
RSPO4 showing approximately half of the efficacy (27, 29).

We previously reported an RSPO2 furin domain mutant (designated R2Fu-F109A) that had
normal binding affinity to ZNRF3 but lost binding to LGR4 and LGRS due to a mutation
(F109A) in the LGR-binding domain (27). We compared the activities of the wild-type
RSPO?2 furin domain (R2Fu-WT) and R2Fu-F109A in STF-4KO-LGRS5 cells and STF-4KO-
vect cells, and the data showed that R2Fu-WT was more active than R2Fu-F109A in LGR5-
expressing cells but not in the vector control cells (fig. S2, A and B), providing further
evidence that LGRS could enhance Whnt signaling in response to RSPO. We then asked if the
7TM domain of LGR5 was essential for responding to RSPO by comparing the activity of
full-length LGR5 with that of LGR5ECD fused to the single transmembrane (TM) domain
of CD4 (LGR5ECDTM) using transient transfection in STF-LGR4KO cells. RSPO1 showed
higher potency and efficacy in cells expressing full-length LGR5 cells compared to cells
expressing LGR5ECDTM (Fig. 1C). Also, cells transfected with full-length LGR5 but not
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LGR5ECDTM showed an increase in basal Wnt signaling activity (Fig. 1C) even though
both proteins were produced in similar amounts (fig. S3). These data indicate that the 7TM
domain of LGRS was essential for its full activity in potentiating Wnt signaling, whereas the
ECD alone anchored to cell membrane had partial response to high concentrations of
RSPOL. Overall, these data show that LGRS, similar to LGR4, could mediate RSPO-
induced potentiation of Wnt—p-catenin signaling in a 7TM-dependent manner, except that
LGR5 was not activated by RSPO4 whereas LGR4 was.

RSPO1-LGR5 enhances LRP6 phosphorylation without increasing FZD abundance

To understand the mechanism of LGR5-mediated potentiation of Wnt—p-catenin signaling
and because previous studies had provided inconclusive results in cells with endogenous
expression of LGR4 (11, 25), we first checked if RSPO1-LGR5 enhanced the
phosphorylation of LRP5 and LRP6 (LRP5/6), which is a critical early step in the activation
of Wnt—p-catenin signaling, in the absence of LGR4. Parental STF, STF-4KO-vect, and
STF-4KO-LGRS5 cells were stimulated with Wnt3a-conditioned media (Wnt3a CM) plus
RSPQO1, and LRP6 phosphorylation was followed for 24 hours. Although total LRP6 did not
change during the time-course experiment, phosphorylated LRP6 (pLRP6) increased upon
Whnt3a + RSPOL treatment for all three cell lines tested (Fig. 1, D and E). Parental STF cells
(expressing L GR4 endogenously) showed a strong and prolonged increase in pLRP6 that
lasted 24 hours, and STF-4KO-LGRS5 cells exhibited similar trends as parental STF cells
(Fig. 1, D and E). On the other hand, the amounts of pLRP6 in STF-4KO-vect cells also
increased upon Wnt3a + RSPO1 stimulation and was maintained throughout 24 hour
treatment (Fig. 1, D and E), but pLRP6 amounts in STF-4KO-vect cells were significantly
lower than those in the parental STF cells at the 2, 4, and 6 hour time points. Because
RSPO1 had no activity in STF-4KO-vect cells in the TOPFlash assay at the concentrations
tested (Fig. 1A), the data suggest that RSPO1-LGR5 enhanced LRP6 phosphorylation.

In order to confirm that the RSPO1-LGR5—-induced increase in LRP6 phosphorylation was
not limited to recombinant L GR5, we employed two neuroblastoma cancer cell lines (SK-
NAS and CHP-212) that expresses LGR5 endogenously but do not express LGR4 (table S1)
(30). In CHP-212 cells, the addition of RSPO1 enhanced Wnt3a-induced LRP6
phosphorylation, and this effect was attenuated when LGR5 was knocked out (Fig. 1, F and
G). In SK-NAS cells, which were confirmed to produce high amounts of LGR5 by
immunocytochemistry (ICC) (fig. S4A), the addition of RSPO1 also further increased LRP6
phosphorylation compared to stimulation with Wnt3a alone (fig. S4B). Because RSPOL is
totally dependent on LGR4 or LGR5 to enhance Whnt signaling (14, 27), these results
confirmed that endogenous LGR5 could enhance LRP6 phosphorylation in response to
RSPOL1 stimulation.

RSPO-LGR4 inhibits RNF43 and ZNRF3 (RNF43/ZNRF3), thus reducing the degradation
of the Wnt co-receptor FZD and enhancing LRP6 phosphorylation (15). We directly tested
whether RSPO-LGRS5 would also increase FZD abundance in response to RSPO1 when co-
expressed with E3 ligases. STF-4KO cells expressing vector, LGR4, or LGR5 were co-
transfected with FLAG-tagged FZD5 (FLAG-FZD5) and HA-tagged RNF43 (HA-RNF43),
and then treated with vehicle, Wnt3a, Wnt3a+RSPO1, or Wnt3a+R2Fu-F109A, which
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inhibits E3 ligase activity independently of LGR (27). Although we used the pan-FZD
antibody, 18R5, in subsequent experiments to detect endogenous FZDs using the pan-FZD
antibody, for these experiments we used recombinant, tagged FZD5 because 18R5 does not
detect denatured proteins, and the change in the endogenous FZD levels upon treatments
would likely not be observable in the presence of an excess of recombinant RNF43. RSPO1
significantly increased the amount of FLAG-FZDS5 in cells expressing LGR4 as expected
(Fig. 1, Hand I) but not in cells expressing LGRS or in vector control cells (Fig. 1, H and I).
As a positive control, R2Fu-F109A significantly increased FZD5 abundance in all three cell
lines, consistent with its LGR-independent activity. Together with the TOPFlash data, these
results suggest that both LGR4 and LGRS could enhance LRP6 phosphorylation to
potentiate Wnt—p-catenin signaling in response to RSPO; however, RSPO1-LGR5 appeared
to achieve this function without preventing the degradation of FZD.

Full-length LGR5 does not interact with ZNRF3 or RNF43 in response to RSPO

RSPO-LGR4 interacts directly with ZNRF3 and inhibits the ligase’s activity (15). Because
RSPO1-LGRS5 did not block RNF43 activity (Fig. 1, H and 1), we compared LGR4 and
LGRS side-by-side in interaction with ZNRF3 in the absence and presence of RSPOs by co-
immunoprecipitation and proximity ligation assay (PLA). HEK293T cells were co-
transfected with a Myc-tagged form of ZNRF3 missing its RING domain (Myc-ZNRF3AR)
and HA-tagged full-length LGR4 or LGR5 (HA-LGR4FL or HA-LGR5FL). Use of
ZNRF3AR was necessary because overexpression of full-length ZNRF3 is toxic to the cells,
and deletion of the RING domain in ZNRF3 has no effect on ZNRF3’s interaction with
RSPO-LGR4 (15). LGR4FL was readily pulled down by immunoprecipiation of ZNRF3
even in the absence of RSPO, whereas little if any LGR5FL was pulled down by
immunoprecipitation of ZNRF3 with or without RSPO (Fig. 2A). The amounts of LGR4,
LGRS, and ZNRF3 in the cells were similar (Fig. 2A). Similar results were obtained RNF43
immunoprecipitates were blotted for LGRS (fig. S5). However, a small amount of
LGR5ECDTM was pulled down by RNF43 in the presence of RSPO1 (fig. S5), suggesting
that RSPO1 induced LGR5ECDTM-RNF43 complex formation, which may explain the
partial response of LGR5ECDTM to RSPOL1 in the TOPFlash assay (Fig. 1C).

We then probed the interactions of LGR4 and LGR5 with RNF43 using the colon cancer cell
line LS180, which expresses LGR4, L GR5, and RNF43endogenously at moderate to high
levels (table S1). An RNF43-specific antibody named SC37 (31) was produced and
validated to bind to native RNF43 with high affinity (fig. S6). Immunoprecipitation with
SC37 pulled down LGR4 but not LGR5 in LS180 cells (Fig. 2B; fig. S13, A-D), confirming
that only LGR4 interacted with RNF43 endogenously; detection of RNF43 in LS180 cells
by immunoblotting could not be carried out due to the lack of an antibody that detects
denatured RNF43, but the effectiveness of SC37 for immunoprecipiation was validated
using cells expressing recombinant HA-tagged RNF43 (Fig. 2B; fig. S13, A-D).

Next, we explored interactions between ZNRF3AR and full-length LGR4 and LGRS using
PLA, which, compared to immunoprecipitation, is more sensitive and specific for the
detection of proteins that are in close proximity (32—34). In this assay, HEK293T cells were
co-transfected with Myc-ZNRF3AR and HA-LGR4FL or HA-LGR5FL. Myc-ZNRF3AR
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was detected with a mouse antibody recognizing the Myc tag, LGR4 with the in-house
generated rat-human chimeric antibody 8D2 (35), and LGR5 with the rat-human chimeric
antibody 8F2 (8, 28). 8D2 and 8F2 bind to the ECD of native LGR4 and LGR5, respectively,
without interfering with RSPO function (fig. S7A) (28). Strong PLA signals were observed
between ZNRF3AR and LGR4FL with or without RSPO1 (Fig. 2C), suggesting close
proximity between LGR4 and ZNRF3 even in the absence of RSPO. The LGR4-ZNRF3
PLA signal appeared to decrease following RSPO1 treatment, which may be due to altered
orientation of the proteins and increased distance between LGR4 and ZNRF3 to cause less
ligation of the probes following RSPO1 binding. This phenomenon of decreased PLA signal
with RSPO1 was also observed when LGR4 was labeled with an antibody recognizing an
HA tag at the N-terminus (fig. S7B). In contrast, no PLA signal was detected between HA-
LGR5FL and ZNRF3AR with or without RSPOL1, using either 8F2 (Fig. 2C) or the HA
antibody (fig. S7B). Confocal immunofluorescence microscopy confirmed that both LGR4
and LGR5 were on the cell surface (fig. S7C). Together with the co-immunoprecipitation
results, these data indicate that full-length LGR5 did not interact with ZNRF3 or RNF43 in
whole cell assays with or without RSPO, whereas LGR4 clearly did so even without RSPO.

Next, we carried out competition assays to examine the interactions between RSPO-LGR4
or RSPO-LGR5 and ZNRF3 in live cells using the ligand R2Fu-F109A, which binds to
ZNRF3 with high affinity but does not bind to LGR4 or LGRS (27). We also generated an
RSPO4-furin-Fc fusion mutant protein (designated R4Fu-Q65R) with a mutation (Q65R) in
the RNF43/ZNRF3 binding domain that retains high-affinity binding to LGR4 and LGR5
but no binding to ZNRF3 (20). Because RSPO1 and RSPO4 have little affinity to ZNRF3
alone, we reasoned that if LGR4, RSPO, and ZNRF3 form a trimer, then R2Fu-F109A’s
binding to ZNRF3 could be displaced by RSPO1 and RSPO4 in cells that produce both
LGR4 and ZNRF3, but not in cells that produce only ZNRF3. On the other hand, RSPO1
and RSPO4 would not be able to displace the binding of R2Fu-F109A to ZNRF3 in cells
that make both LGR5 and ZNRF3 if RSPO-LGR5 did not form a trimer with ZNRF3. To
this end, HEK293T cells were transfected with ZNRF3AR alone or with LGR4FL or
LGR5AC and incubated with a sub-saturating concentration of R2Fu-F109A plus various
concentrations of recombinant RSPO1-4. Here, instead of LGR5FL, we used LGR5AC,
which lacks the C-terminal tail but remains fully functional, because its expression causes
high receptor abundance on the cell surface due to impaired endocytosis (36, 37), as
confirmed by RSPO binding (fig. S8). In contrast, LGR5FL constantly internalizes and
recycles such that its surface availability at a given time point is less than that of LGR5AC
(fig. S8). Through saturation binding analysis of R2Fu-F109A, we confirmed that all three
transfections produced ZNRF3AR in similar amounts (Fig. 3A). When tested with binding
of R4Fu-Q65R, ZNRF3AR+LGR4 and ZNRF3AR+LGR5AC cells displayed specific
binding at similar levels (Fig. 3B), indicating that LGR4 and LGR5AC had similar receptor
density on the cell surface. ZNRF3AR cells, as expected, showed negligible binding of
R4Fu-Q65R (Fig. 3B). In competition assays, neither RSPO1 nor RSPO4 inhibited the
binding of R2Fu-F109A to cells expressing ZNRF3AR alone, whereas RSPO2 competed
with R2Fu-F109A for binding to ZNFR3 with high affinity, consistent with RSPO2 binding
to ZNRF3 without LGR (Fig. 3C). Both RSPO1 and RSPO4 were able to compete R2Fu-
F109A off ZNRF3AR-LGR4 with almost the same affinity as RSPO3 (Fig. 3D), suggesting

Sci Signal. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park et al.

Page 7

that RSPO1 and RSPO4 were able to occupy the RSPO binding site of ZNRF3 when LGR4
was present. In contrast, in cells with ZNRF3AR and LGRS, only RSPO2 competed off
R2Fu-109A (Fig. 3E), as in cells expressing ZNRF3AR alone. These results suggest that
RSPO1- or RSPO4-bound LGR5 was not able to engage with ZNRF3 on the cell membrane
to occupy the RSPO binding site on ZNRF3. Together, these data in live cells provide further
support that RSPO-LGRS5 did not form heterotrimers with the E3 ligases, whereas LGR4
clearly did.

The 7TM domain of LGR4 confers interaction with the E3 ligase

LGR4 and LGRS are highly similar in overall protein sequence and domain organization
with 54% and 49% sequence identity in the ECD and 7TM regions, respectively. We asked if
the ability to interact with the E3 ligases could be conferred by exchanging the ECD or 7TM
domain of the two receptors. Two chimeric receptors, LGR4ECD-5TM and
LGR5ECD-4TM were constructed with LGR4ECD fused to LGR5-7TM, and LGR5ECD to
LGR4-7TM, respectively. The switch was at the ECD-7TM juncture of each receptor, and
both chimeric receptors showed expression and RSPO binding similar to those of wild-type
LGR4 and LGRS (fig. S9A). TOPFlash assay also showed similar response to RSPOL1 in
potency and efficacy (fig. S9, B and C), suggesting that both chimeric receptors were
functional. We then performed co-immunoprecipitation assays for ZNRF3AR with all four
receptors in parallel and found that LGR5ECD-4TM gained interaction with ZNRF3,
whereas LGR4ECD-5TM showed weaker co-immunoprecipitation with ZNRF3 compared
to wild-type LGR4 (Fig. 4A), suggesting that the 7TM domain of LGR4 drove the
interaction with ZNRF3. Of note, LGR4ECD-5TM still showed weak co-
immunoprecipitation signal with ZNRF3AR (Fig. 4A), implying the ECD of LGR4 may
have slight direct interaction with ZNRF3. We then tested if LGR5ECD-4TM could protect
FzD from E3 ligase-mediated degradation given its interaction with ZNRF3.
LGR5ECD-4TM clearly increased FZD abundance in response to RSPO1 (Fig. 4B). These
results indicate that the 7TM region of LGR4 was largely responsible for RSPO-LGR4
interacting with ZNRF3 and inhibiting its activity. The results are also consistent with our
finding that LGR4 binding to the ZNRF3 did not require RSPO (Fig. 2A) because the 7TM
region was not involved in RSPO binding.

Soluble LGR5ECD, but not LGR4ECD, antagonizes RSPO-induced potentiation of Wnt—§-
catenin signaling

We then asked if there is intrinsic difference between the ECDs of LGR4 and LGRS5. Crystal
structures show RSPO-LGR5ECD forms 2:2 dimers that cannot bind to RNF43ECD or
ZNRF3ECD (18, 21), whereas crystal structures of RSPO-LGR4ECD showed it as 1:1
dimers that could still bind to RNF43-ECD or ZNRF3ECD (38-40). This would suggest that
purified, soluble LGR5ECD would act as antagonist of RSPOs but LGR4ECD would not
(Fig. 4C). In fact, Yan et al. showed that His-tagged LGR5ECD antagonized the Wnt
signaling potentiation activities of all RSPOs (41). We compared the effect of purified,
soluble LGR4ECD-Fc and LGR5ECD-Fc in parallel on RSPO-induced activity in the
TOPFlash assay. Among the four RSPOs, RSPO1 and RSPO4 (RSPO1/4) are similar in that
they are completely dependent on LGR proteins to potentiate Wnt signaling and have
relatively low binding affinities to the E3 ligases. On the other hand, RSPO2 and RSPO3
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(RSPO2/3) can potentiate Wnt signaling independent of LGR and have high binding
affinities to E3 ligases (14, 27). Because we expect similar Wnt functional activities from
RSPO1/4 or RSPO2/3, we employed RSPO2 and RSPO4 to represent the two classes.
LGR5ECD-Fc inhibited the activity of RSPO2 and RSPO4 in a dose-dependent fashion
(Fig. 4D), consistent with published results (41). LGR4ECD-Fc, in contrast, had no
antagonist activity (Fig. 4D). In fact, it even slightly enhanced the activity of RSPO2 (Fig.
4D). We also tested the effect of ZNRF3ECD-Fc and found that it could block the activity of
RSPO2 but not RSPO4 (Fig. 4E), consistent with the lack of binding of RSPO4 to ZNRF3
itself (20, 42). These results are consistent with our finding of only RSPO-bound LGR4 still
capable of interacting with the ZNRF3 (Fig. 3, C and D).

RSPOs interact with full-length LGR4 and LGRS in cells as 2:2 dimers or higher oligomers

Because RSPO-LGR5ECD was consistently found as 2:2 dimers in crystal structures, we
asked if RSPO bound to full-length LGR4 and LGRS as 2:2 dimers or higher oligomers in
whole cells. A previous study reported that LGR4 and LGRS5 exist as dimers when
overexpressed in whole cells (43). We also routinely observed that recombinant full-length
LGR4 and LGRS run as dimers in SDS-PAGE even under denaturing conditions, whereas
their ECDs fused to the TM domain of CD4 run largely as monomers (fig. S3, A andB). We
first examined if endogenous LGR4 and LGRS also exist as dimers by SDS-PAGE analysis.
In a cancer cell line (OV90) with high endogenous L GR4 expression (table S1), endogenous
LGR4 was detected in both dimeric and monomeric forms (Fig. 5A). Treatment with the
reducing agent p-mercaptoethanol (BME) or RSPO1 had no effect on the relative amounts
monomer and dimer (Fig. 5A). To assay endogenous LGRS in cells, we used LoVo cells
because they highly express LGR5and produce LGRS that is readily detectable by western
blotting (44). No dimer of LGR5 was detected unless the cells were pre-treated with the
chemical crosslinker bis(sulfosuccinimidyl)suberate (BS3) (Fig. 5B), suggesting that LGR5
dimers in LoVo cells could not withstand SDS gel separation. The effect of BS3 on LGR5
was also validated using a stable HEK?293 cell line expressing Myc-tagged LGR5 (Fig. 5C).

Next we tested if RSPO ligands bound to the receptors as dimers using time-resolved
Fluorescence assay (TR-FRET), which is commonly used to detect G protein—coupled
receptor (GPCR) oligomerization (45). If each monomer of LGR4 and LGR5 dimers bound
one molecule of RSPO, FRET may occur between the two bound ligands that were labeled
with either donor or recipient dyes (Fig. 5D). We used purified RSPO1 furin domain with a
His tag at the C-terminus (R1Fu-His) and Europium (Eu)-labeled His antibody as the donor
dye and Ulight-labeled His antibody as the recipient. TR-FRET was easily detected between
R1Fu-His and HA-LGR4 or HA-LGR5FL using Eu-labeled His antibody and Alexa647-
labeled antibody against HA-tag (fig. S10). With increasing concentrations of R1Fu-His,
strong FRET signal between two ligands was detected in a dose-dependent fashion in both
LGR4- and LGR5AC-expressing cells (Fig. 5E); LGR5AC was used instead of full-length
LGRS here to increase receptor density on the cell surface. Furthermore, the FRET signal
was completely competed off by full-length, untagged RSPO3 with the expected affinity
(Fig. 5F), indicating the FRET signal was specific to RSPO binding. Taken together, the TR-
FRET and SDS gel data suggested that both LGR4 and LGRS existed as dimers on the cell
surface in the absence of RSPO and bound to RSPO with a 2:2 dimer architecture.
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LGRS interacts with both FZD and LRP6 in the Wnt signalosome

Previously, we used immunoprecipitation, FRET, and co-internalization assays to show that
LGRS interacts with LRP6 of the Wnt signalosome (36). Given the increased sensitivity and
specificity of PLA compared to these other techniques, we re-examined if RSPO-LGR5
could interact with both FZD and LRP in the Wnt signalosome using PLA. For this assay,
STF-4KO-LGRS5 cells were transiently transfected with HA-LRP6 while FZD was provided
by endogenous expression. Then, we used Myc and a pan-FZD antibody (18R5) (46) to
label LGR5 and endogenous FZD, respectively, or the LGR5 antibody 8F2 and HA antibody
to label LGR5 and LRP6, respectively. The primary antibody incubation with and without
sub-saturating amounts of recombinant RSPO1 was performed on ice to prevent
internalization of LGR5 and to exclusively detect interactions at the cell surface. PLA signal
was detected between LGR5 and endogenous FZD without and with RSPOL, and a stronger
PLA signal was detected between LGR5 and LRP6 even without RSPO1 (Fig. 6A).
Immunofluorescence confocal microscopy also confirmed co-expression and co-localization
of LGR5 with both FZD and LRP6 (fig. S11). We also asked if interaction between LGR5
and FZD could be detected with co-immunoprecipiation analysis. Immunoprecipitation of
FZD5 pulled down LGR5 when the two receptors were co-expressed (Fig. 6B). Together,
these results provided further evidence that reinforced previous findings of LGRS5 interacting
directly with Wnt signalosome (8, 36).

Previously, we showed that LGRS interacted with the scaffold protein IQGAP1 to enhance
cell-cell adhesion in the absence of RSPO and that LGR4 interacted with the Wnt
signalosome through IQGAP1 and enhanced the interaction between IQGAP1 with
Dishevelled (DVL), thus promoting LRP6 phosphorylation and Wnt signaling (17, 44).
Because RSPO-LGRS5 did not show interaction with RNF43 or ZNRF3, we reasoned that
LGRS may function through IQGAP1 to potentiate Wnt—p-catenin signaling. Expression of
a dominant negative form of IQGAP1 inhibited RSPO1-induced activity in STF-4KO-LGR5
cells but had no effect on signaling induced by R2Fu-F109A, which is LGR-independent
(Fig. 6, C and D; fig. S12), suggesting that RSPO-LGR5-mediated potentiation of Wnt
signaling depended on IQGAP1.

Discussion

LGRS and the closely related receptor LGR4 are co-produced in intestinal crypt stem cells,
and both have been shown bind to RSPOs with high affinity and potentiate Wnt signaling in
response to RSPO (8, 11). Mechanistically, LGR4 was suggested to potentiate Wnt signaling
primarily by enabling or enhancing RSPO-mediated inhibition of RNF43/ZNRF3 through
the formation of LGR4-RSPO-RNF43/ZNRF3 heterotrimers (15). Given the high homology
between LGR4 and LGRY5, it has been widely assumed that LGR5 mediates RSPO-induced
potentiation of Wnt signaling in the same way as does LGR4 (19, 20, 22). However, LGR4
and LGRS5 clearly do not have interchangeable functions, because only LGR4 is essential for
the self-renewal of crypt stem cells (8, 10), and direct evidence of RSPO-LGRS5 interacting
with the E3 ligases in whole cells has not been reported. Here we present multiple lines of
evidence showing that full-length LGR5 did not form a complex with the RNF43 or ZNRF3
in whole cells with or without RSPOs. Instead, RSPO-LGRS5 interacted with the Wnt
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signalosome directly and promoted Wnt—p-catenin signaling through an IQGAP1-dependent
mechanism. LGR4, on the other hand, interacted with RNF43/ZNRF3 even in the absence of
RSPO, and the LGR4-E3 ligase interaction depended on the 7TM domain of LGR4. We also
found that both LGR4 and LGR5 existed as dimers in whole cells and that RSPO bound to
LGR4 and LGR5 in 2:2 dimers. Based on these data, we propose distinct structural models
for LGR4 and LGR5: LGR4 pre-assembles with RNF43/ZNRF3 as 2:2 dimer, and binding
of RSPO to the complex leads to inhibition of E3 ligase activity (Fig. 7A). LGR4 dimers not
in complex with E3 ligase would also be able to enhance Wnt signaling through IQGAPL1 in
response to RSPO (17). LGRS exists as a homodimer in complex with the Wnt signalosome,
and binding of RSPO to LGRS enhances LRP phosphorylation through an IQGAP1-
dependent mechanism (Fig. 7B). These models, we argue, are more congruent with existing
data on the structure and function of LGR4 and LGR5 in Whnt signaling.

The prevailing model of RSPO-LGRA4/5 functioning in Wnt signaling is that LGR4 and
LGRS both serve as high-affinity receptors of RSPOs to recruit RSPOs to the membrane so
that the RSPO-LGR complex can bind to and inhibit the function of ZRNF3/RNF43 (20-22,
47). However, this mechanism for LGRS is inconsistent with multiple observations. Free
RSPO1 and RSPO4 have little to no affinity for binding to ZNRF3/RNF43, and so they
could not enhance Wnt signaling without LGR (14, 20, 27). In the presence of LGR4 or
LGRS5, RSPOL1 potentiates Wnt—p-catenin signaling at similar efficacy with potency within
an order of magnitude of those values for RSPO2 and RSPO3 (8, 11, 20, 29). RSPO4 shows
high potency and half-efficacy when combined with LGR4 (27, 29), but nearly no activity
with LGRS (Fig. 1). If LGR4/5 function simply as recruiting receptors, then LGR4 must be
able to alter conformations of RSPO1 and RSPO4 to enable them to bind to the E3 ligases,
whereas LGR5 could only alter that of RSPO1. However, structural data reveal that RSPO1
bound to LGR5ECD had no increase in binding affinity to ZNRF3 (20, 47). Also, RSPO2
bound to LGR5ECD actually showed a decrease in binding affinity to ZNRF3 when
compared to free RSPO2 (850 vs 25 nM) (20). Moreover, when LGR5ECD and RSPO furin
domains were co-crystalized without RNF43/ZNRF3ECD, they invariably formed a 2:2
dimer that would not be able to bind to the E3 ligase (18, 20). This would predict that
purified, soluble LGR5ECD would act as an RSPO antagonist, which is what it did in our
experiments (Fig. 4D) (41). Furthermore, native LGRS existed as dimers in whole cells, and
RSPO bound LGR5 in a 2:2 dimer (Fig. 5), which would prevent the complex from further
interacting with the E3 ligases. In addition, if LGR4 and LGRS5 just serve as recruiting
receptors, the ECDs of LGR4 and LGRS anchored to cell membrane by a single
transmembrane domain in place of the 7TM domain should function just as well as the wild-
type protein, yet they showed much less response to RSPO1 and RSPO4 in potency and
efficacy despite the ECD’s high binding affinity and strong presence on the cell surface (Fig.
1C) (27). All these data suggest that LGR5 could not function by recruiting RSPOs to inhibit
the E3 ligases. Instead, we propose that LGRS dimerizes on its own and interacts with FZD
and LRP6, both of which also exist as homodimers before Wnt ligand binding, on the cell
surface (48). Upon RSPO1-3 binding, RSPO-LGR5 enhances LRP6 phosphorylation
through an IQGAP1-dependent mechanism, the details of which remain to be determined.
RSPO4 did not activate LGRS to engage this pathway. This model is consistent with the
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structural data of RSPO-LGR5ECD and implies that RSPO-LGRS5 is only a weak potentiator
of Wnt signaling in vivo due to the lack of inhibition of the E3 ligases.

As for LGR4, our model that LGR4-RNF43/ZNRF3 forms a pre-assembled complex and
that RSPO binding to this complex abolishes E3 ligase activity either through direct
inhibition or by altering its endocytosis would explain the high potency and efficacy of
RSPO1 and RSPO4 despite their poor binding to the E3 ligases. It would also explain why
the 7TM domain of LGR4 was essential for high-potency activity of RSPOs because it was
critical for LGR4 to interact with the E3 ligases. Both the ECD and 7TM domains of LGR4
must be able to impose a dimer structure that is compatible with RSPO-E3 ligase binding
because LGR5ECD-4TM was capable of binding to the E3 ligases, RSPO-LGR4ECD-5TM
still had weak interaction with ZNRF3, and purified, soluble LGR4ECD did not act as
antagonist (Fig. 4). It is also supported by structural data that all RSPO1-LGR4ECD
structures were observed as 1:1 or 2:2 dimers that were compatible with further binding to
the E3 ligases (38—40). Co-crystal structures of LGR4ECD-RSPO with either RNF43- or
ZNRF3ECD has never been reported. The dual mechanisms of LGR4 — inhibition of
RNF43/ZNRF3 and enhancement of LRP6 phosphorylation — would enable LGR4 to give
much stronger potentiation of Wnt signaling, which may explain why LGR4is both
necessary and sufficient for the survival of crypt stem cells (8). Of note, genetic ablation of
LGR4in crypt stem cells leads to near total loss of Wnt—p-catenin signaling, whereas loss of
LGR5has little effect (8, 49). Also, double knockout of RNF43and ZNRF3enables RSPO-
independent self-renewal of crypt stem cells (15, 16), further implicating the importance of
inhibiting the E3 ligases for stem cell survival. The lack of interaction between RNF43/
ZNRF3 and RSPO-LGR5 may explain why endogenous LGRS alone is not sufficient to
support stem cell survival.

In summary, we compared the mechanisms of LGR4 and LGR5 side-by-side in multiple
assays and found that RSPO-LGR5 did not interact with RNF43/ZNRF3 to potentiate Wnt—
[B-catenin signaling, whereas LGR4 bound to the E3 ligases even in the absence of RSPO.
Instead, LGRS interacted directly with FZD and LRP6 of the Wnt sighalosome and
functioned by an IQGAP1-dependent mechanism. These findings are consistent with
previous reports of LGR5’s interaction with the Wnt signalosome, antagonist activity of
LGR5ECD, and dimer quaternary structure on the cell surface. They also provide a
molecular basis for the weak activity of LGRS in Wnt signaling potentiation and the
inability of endogenous LGRS to support the self-renewal of crypt stem cells. Details of how
RSPOs activate LGR5 to enhance Whnt signaling and how RSPOs inhibit LGR4-bound E3
ligases remain to be elucidated.

Materials and Methods

Plasmids and Cloning

Plasmids encoding HA-LGR4, Myc-LGR5FL, Myc-LGR5ECD-CD4TM, Myc-LGR5AC,
FLAG-IQGAP1AIQ, HA-LRP6, FLAG-FZD5, HA-RNF43 in pIRES-puro3 were prepared
as described previously (11, 17, 36, 44, 50). Myc-ZNRF3AR was a gift from Dr. Feng Cong
(Novartis Institute for Biomedical Research) (15). HA tagged LGR5 (HA-LGR5FL), HA
tagged LGR4ECD-5TM, in which LGR4ECD was fused with the 7TM of LGR5 at T542,
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and HA or Myc tagged LGR5ECD-4TM, in which LGR5ECD was fused with the 7TM of
LGR4 at Ser561 were cloned to pIRES-puro3 using standard PCR procedures and In-Fusion
HD cloning (Clontech). Also, Myc-tagged LGR5FL was cloned to pIREShyg3 vector using
In-Fusion HD cloning. All plasmids were verified by sequencing.

Recombinant proteins and antibodies

Human recombinant full-length RSPO proteins (RSPO1-4) were purchased from R&D
Systems, and human recombinant RSPOL1 furin domain (aa 1-146, C-terminal His-tag) was
from Sino Biological. For western blot and immunoprecipitation, anti-HA (Invitrogen cat
#71-5500 or Cell Signaling cat #2367), anti-Myc (Cell Signaling cat #2276), anti-
phosphorylated and total LRP6 (Cell Signaling cat #2568 and #3395), anti-p-actin (Cell
Signaling cat #4970), anti-LGR4 (7E7) (7), anti-FLAG (Sigma cat #F7425), anti-LGR5
(Abcam cat #ab75850), anti-RNF43 (SC37) (31), and anti-GAPDH (Cell Signaling cat
#2118) were used. For ICC, anti-HA-Alexa 488 (Cell Signaling cat #2350), anti-Myc-Cy3
(Sigma cat #C6594s), TO-PRO-3 lodide (Thermo Fisher cat #T3605), and anti-human-Alexa
488 or —Alexa 555 (Invitrogen cat #A11013 and #A21433) were used. Anti-pan FZD
antibody (18R5) were prepared as described before (46). For PLA and IP, anti-LGR5 (8F2)
and anti-LGR4 (8D2) antibodies were produced as described (28, 35). Duolink® In Situ
PLA probes (anti-mouse PLUS and MINUS, anti-rabbit PLUS and MINUS, and anti-human
PLUS and MINUS) and Duolink® In Situ PLA detection reagents green were purchased
from Sigma. For TR-FRET, Lance Europium-labeled anti-6X His antibody, Lance Ultra
Ulight™-anti-6xHis, and U Light anti-Myc were purchased from PerkinElmer, and anti-HA-
Alexa 647 were from Invitrogen.

Cell culture, transient transfection, generation of stable cell lines, and Wnt—p-catenin
signaling TOPFlash reporter enzyme assay

HEK?293T and STF cells were purchased from ATCC and cultured in high glucose DMEM
supplemented with 10 % fetal bovine serum (FBS) and pen/strep at 37 °C with 95 %
humidity and 5 % CO,. LoVo, colorectal cancer cell line, was from Dr. Shao-Cong Sun at
M.D. Anderson and cultured in RPMI supplemented with 10% FBS and pen/strep. LS180,
0OV90, SK-NAS, and CHP-212 cells were purchased from ATCC. HEK293-LGR4, -
LGRS5FL, and LGR5AC overexpressing cells and STF-LGR4KO cells were generated and
cultured as described previously (11, 27, 36), and CHP-212 LGR5KO cells were generated
using CRISPR-based knockout by cloning the guide sequence to Lenti-CRISPR2 vector as
described (51); the guide sequence is CAG GAG CAC ACC GAG CCG GG (corresponding
to nucleotide 314-295 of human LGR5 open reading frame). HEK293F cells for protein
expression were from Invitrogen and cultured in FreestyleTM 293 Expression medium at 37
°C with 95 % humidity and 5 % CO,. STF-4KO-LGR5 and —vect cells were generated by
transfecting Myc-LGR5FL (hygromycin resistant) or Hyg3-vector into STF-LGR4KO cells
and selecting with 200 pg/mL of hygromycin B (Gibco).

TOPFlash assays were performed as described previously (27). Briefly, 5000 cells were
incubated overnight with Wnt3aCM and/or treatments indicated in each experiments. To test
LGR4ECD-Fc and LGR5ECD-Fc, 293-STF cells were co-incubated overnight with 0.01
pg/mL RSPO2 or 0.2 ug/mL RSPO4 and serially diluted LGR4ECD-Fc or LGR5ECD-Fc.
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The effect of LGR4 antibody 8D2 in 293-STF cells were assessed by co-incubating 8D2
with fixed concentration of RSPOL1 at 0.02 pg/mL. The cell viability was measured using
alamar blue (Thermo Fisher), and luciferase activity was measured by FireFly Luciferase
glow assay kit (Pierce).

Western blotting and immunoprecipitation

Western blotting was carried out using standard procedures as described before (27). Lysates
subjected to western blotting was harvested in RIPA buffer (Pierce) with protease and
phosphatase inhibitors. The lysates were reduced at 37 °C for 1 hour in sample buffer with
BME to protect 7TM domains of membrane receptor proteins. For co-IP experiments, cell
lysates were collected in IP lysis buffer (Pierce) supplemented with protease and
phosphatase inhibitors. HEK293T cells were transiently co-transfected with Myc-ZNRF3AR
and HA-LGR4 or HA-LGR5FL plasmids and pulled down with Myc antibody with and
without 1 pg/mL of the recombinant RSPO2 or RSPO4. LGR5FL and LGR5ECD stable cell
lines were transfected with HA-RNF43 and IPed with HA antibody with and without 1
ug/mL RSPO1. LS180 cell lysates and HEK293T cells transiently transfected with HA-
RNF43 were IPed with RNF43 antibody (SC37) or human IgG control. HEK293T and
LGRS stable cell lines transiently transfected with FLAG-FZD5 were pulled down with anti-
FLAG M2 magnetic beads (Sigma Cat #M8823). HEK293T cells transiently co-transfected
with Myc-ZNRF3AR and HA-tagged LGR4FL, LGR4ECD-5TM, LGR5FL, or
LGR5ECD-4TM were pulled down with 8D2 antibody for LGR4ECD and 8F2 antibody for
LGR5ECD. Cell lysates were incubated with agarose protein A/G beads (Santa Cruz) with
antibodies or antibody conjugated magnetic beads and incubated overnight at 4 °C on a
rotator. The beads were washed with IP lysis buffer 3 times and reduced at 37 °C for 1 hour
in 2X sample buffer with BME, and both immunoprecipitated and total lysates were
subjected to western blotting.

Competition whole-cell binding

HEK293T cells were co-transfected with ZNRF3AR and LGR4 or LGR5AC as described
before (27) and seeded to 96-well poly-D-lysine-coated black and clear bottom plate. After
24 hours, the cells chilled on ice were incubated with a sub-saturating concentration of
R2Fu-F109A, and serially diluted recombinant RSPO1-4. After 1 hour incubation, cells
were washed with cold PBS and fixed with 4.2 % PFA and blocked with 1 % bovine serum
albumin (BSA) in PBS. The secondary antibody, anti-human-Alexa 555 was incubated at the
room temperature for an hour followed by PBS washing. The fluorescence intensity of
labeled R2Fu-F109A was measured with Tecan multiplate reader. To confirm the expression
of transfected proteins, whole-cell binding of R2Fu-F109A and R4Fu-Q65R was performed
as described previously (27). The fluorescence reading was normalized to the baseline where
no recombinant RSPO was added.

Proximity Ligation Assay (PLA)

PLA to detect protein interaction generally followed the standard protocol provided by
Sigma. To detect interaction between ZNRF3AR and LGR4 or LGR5, HEK293T cells were
transiently co-transfected with Myc-ZNRF3AR and HA-LGR4 or HA-LGR5FL. Then, the
transfected cells were re-seeded to 8-well poly-D-lysine coated slide (Corning) and
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incubated at 37 °C with 5 % CO2 and 95 % humidity for 24 hours. After 24 hours, the
chilled cells were incubated with anti-human-8D2 for LGR4 and anti-human-8F2 for LGR5,
and anti-mouse-Myc for ZNRF3AR with and without 1 pg/mL of the recombinant RSPO1.
For detection of LGR5 and Wnt signalosome interactions (FZD and LRP6), STF-4KO-
LGRS cells were transfected with HA tagged LRP6 as described previously. Then, the cells,
chilled on ice, were incubated with primary antibodies and with and without 1 ug/mL of the
recombinant RSPO1; for LGR5 and FZD5, anti-mouse-Myc and anti-human-FZD (18R5),
and for LGR5 and LRP6, anti-LGR5 (8F2, human) and anti-rabbit-HA were used. For all
negative controls, no primary antibody was added to the cells. After 1.5 hour primary
antibody incubation, cells were washed with PBS, fixed with 4.2 % paraformaldehyde
(PFA), and permeabilized with 0.1 % saponin. Then, the cells were blocked using the
provided blocking reagent from Duolink® PLA probes, and labeled with PLUS and MINUS
PLA probes corresponding to the primary antibody pairs. The labeled probes were then
ligated and amplified with green fluorescence. Lastly, nuclei were stained with TO-PRO-3
and mounted. Expression and localization of the transiently transfected proteins were
confirmed by standard ICC protocol. The stained cells were imaged under a confocal
microscope (Leica) and analyzed by Leica LAS AF Lite software.

Time Resolved-Forster Resonance Energy Transfer (TR-FRET) assay and receptor cross-

linking

HEK293-LGR4 and —-LGR5AC overexpressing cells were seeded on white PDL coated 96
well plate. The pre-chilled cells were incubated with the saturating concentration of the
recombinant RSPO1 furin domain with C-terminal His-tag and varying concentration of
unlabeled recombinant RSPO3. After 2 hour incubation on ice, the cells were fixed with 4.2
% PFA and blocked with 1 % BSA in PBS. 1 nM anti-Europium-His and 50 nM anti-Ulight-
His were co-incubated with the cells at the room temperature for 1 hour and washed with
PBS. TR-FRET signal was measured from the excitation at 317 nm and emission at 620 nm
with lag time between excitation and emission 50 ps. TR-FRET reading was then percent
normalized to the baseline. For cross-linking of receptors, cells were treated with BS3 (1.5
mM) at 37 °C for 30 min and then harvested for SDS-PAGE analysis with and without BME
using standard procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. LGRS potentiates Wnt—p-catenin signaling without increasing Wnt receptor level.
(A and B) TOPFlash activity of Super TOPFlash LGR4 knockout cells stably transfected

with empty vector (STF-4KO-vect) or Myc-LGRS5 construct (STF-4KO-LGR5) after
stimulation with RSPO1 or RSPO4 (A) or with RSPO2 or RSPO3 (B) at the indicated
concentrations in Wnt3a-conditioned media (CM). TOPFlash activity was normalized to
baseline before RSPO addition in Wnt3a CM. (C) Normalized TOPFlash activity of Super
TOPFlash LGR4 knockout (STF-LGR4KO) cells transiently transfected with empty vector,
Myc-LGR5FL, or Myc-LGR5ECDTM after stimulation with the indicated concentrations of
RSPO1 in Wnt3a CM. The TOPFlash activities are representatives of 6-10 independent
experiments, and error bars show SEM of 2-3 technical repeats. (D and E) Western blot (D)
and quantification (E) of phosphorylated LRP6 (pLRP6) and total LRP6 (tLRP6) in parental
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STF (endogenous LGR4 expression), STF-4KO-vect, and STF-4KO-LGR5 cell lines after
treatment with Wnt3A CM + RSPOL. n = 3 independent experiments. Data represent mean
and standard deviation (SD) of the quantified pLRP6 normalized to tLRP6. Two-way Anova
Bonferroni posttest was performed, and * represents P < 0.05 against STF cells. (F and G)
Western blot (F) and quantification (G) of pLRP6 and tLRP6 in CHP-212 and CHP-212
LGR5KO cells after treatment with Wnt3a CM only or Wnt3a CM + RSPO1. Actin is a
loading control. Data represent mean and standard deviation (SD) of the quantified pLRP6
normalized to tLRP6. n = 3 independent experiments. Two-way Anova Bonferroni posttest
was performed against non-treated cells, and no significance was found. (H and I) Western
blot (H) and quantification (1) of RNF43 and FZD5 in STF-4KO-LGRS5 cells co-expressing
HA-RNF43 and FLAG-FZD5 (LGR5 overexpression) and STF-4KO-vect cells coexpressing
HA-tagged LGR4,RNF43 and FZD5 (LGR4 overexpression) HA-RNF43 and FLAG-FZD5
after Wnt3a CM, Wnt3a CM + RSPOL, or Wnt3a CM + R2Fu-F109A treatment. STF-4KO-
vect cells (no LGR4 or LGR5) co-expressing HA-RNF43 and FLAG-FZD5 are a negative
control. GAPDH is a loading control. n = 3—4 independent experiments. Data represent
mean and SD of FZD/GAPDH normalized to the untreated condition of each cell line. One-
way Anova Dunnett’s multiple comparison test against the untreated cells was performed,
and * represents P < 0.05.
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Fig. 2. LGRS does not interact with ZNRF3 or RNF43.
(A) Co-immunoprecipitation of LGR4 and LGR5 with experiments with ZNRF3AR. Myc

immunoprecipitates from HEK293T cells expressing Myc-ZNRF3AR only or co-transfected
with HA-tagged full-length LGR4 or LGR5 in the presence or absence of RSPO2 and
RSPO4 as indicated were blotted for HA and Myc. Total lysates were also probed with the
HA antibody. Blot is representative of 5 independent experiments. (B) Co-
immunoprecipitation of LGR4 and LGR5 with RNF43. SC37 immunoprecipitates
(endogenous RNF43) from LS180 cells were blotted for LGR4 and LGR5, and RNF43
immunoprecipitates from HEK293T cells transiently transfected with HA-tagged RNF43
were blotted for HA. IgG was used as a negative control. Blots are representative of 4-6
independent experiments. (C) Confocal microscopy images of PLA (green) between LGR4

LGR4 + ZNRF3AR

LGR5 + ZNRF3AR
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or LGR5 using the antibodies 8D2 and 8F2, respectively and Myc-ZNRF3AR in the absence
or presence of RSPO1 in HEK293T cells transiently co-expressing Myc-ZNRF3AR and
either LGR4 or LGR5. CTL is the negative control without primary antibody in the absence
of RSPO1. Nuclei were stained with TO-PRO-3(blue). Images are representative of 2
independent experiments. Scale bar, 25 um.
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Fig. 3. LGRS does not enable binding of RSPO1 or RSPO4 to ZNRF3.
(A and B) Saturation binding analyses of R2Fu-F109A (A) and R4Fu-Q65R (B) to

HEK?293T cells transfected with ZNRF3AR, ZNRF3AR + LGR4FL, or ZNRF3AR +
LGR5AC. (C to E) Competition binding curves for R2Fu-F109A with increasing
concentrations of recombinant RSPO1, RSP2, or RSPO4 to HEK293T cells transfected with
ZNRF3AR alone (C), ZNRF3AR + LGR4FL (D), and ZNRF3AR + LGR5AC (E). All error
bars are SEM from 2-3 technical replicates, and the curves are representative of 3-5
independent experiments.
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Fig. 4. The 7TM domain of LGR4 confers interaction with ZNRF3, and the LGR4-ECD does not
antagonize RSPO activity.

(A) Co-immunoprecipitation of ZNRF3AR with LGR4 and LGRS full-length and ECD
constructs. Western blotting for Myc and HA in LGR4 and LGRS immunoprecipitates (8D2
or 8F2 antibody, respectively) from HEK293T cells co-transfected with Myc-ZNRF3AR and
HA-tagged LGR4-FL, LGR4ECD-5TM, LGR5FL, or LGR5ECD-4TM as indicated in the
presence of 1 pg/mL RSPOL. 1gG was used as a negative control. Blot is representative of 3
independent experiments. (B) Western blotting for FLAG, HA, and Myc in STF-LGR4KO
cells transiently transfected with vector or Myc-tagged LGR5ECD-4TM, HA-tagged
RNF43, and FLAG-tagged FZD5. Cells were treated with Wnt3a CM, Wnt3a CM+RSPO1,
or Wnt3a CM+R2Fu-F109A overnight. GAPDH is a loading control. Blot is representative
of 2 independent experiments. (C) A schematic model illustrating the distinct interactions
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among RSPO-LGRECDs and RNF43/ZNRF3. RSPO and LGR5ECD form a 2:2 dimer that
can no longer bind to RNF43/ZNRF3 due to steric hindrance of the LGR5ECD in trans.
RSPO and LGR4ECD form a 2:2 dimer that remains capable of binding to RNF43/ZNRF3.
RSPO and ZNRF3ECD forms a 1:1 dimer that cannot bind to native ZNRF3 or RNF43. (D
and E) TOPFlash results for the effect of LGR4ECD-Fc and LGR5ECD-Fc (D) and
ZNRF3ECD-Fc (E) on the activity of 0.01 pg/mL RSPO2 or 0.2 pg/mL RSPO4 in 293-STF
cells. The TOPFlash activities are representatives of 5 independent experiments with the
error bars representing SEM of 2-3 technical repeats.
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Fig. 5. Both LGR4 and LGRS exist primarily as dimers with or without ligand binding.
(A) Western blot for endogenous LGR4 in extracts from OV90 cells with and without the

addition of p-mercaptoethanol (BME) to the samples. (B) Western blot for endogenous
LGRS in extracts from LoVo cells with and without BS3 cross-linker pretreatment and with
or without or BME added to the samples. (C) Western blot for recombinant LGR5 in
HEK?293-LGRS5 cells with or without BS3 pre-treatment. Blots are representative of 3
independent experiments. (D) Schematic illustration of fluorescence resonance energy
transfer (FRET) between two RSPO ligands bound to LGR4 or LGR5. A 1:1 mixture of
Europium (Eu)- and Ulight-labelled His tag—specific antibodies were added to the cells.
FRET would occur if two ligands were within 10 nm of one another. (E) Baseline-corrected
time-resolved FRET (TR-FRET) signal of R1Fu-His bound to HEK293-LGR4 or HEK293-
LGR5AC cells with increasing concentrations of the ligand. (F) Baseline-corrected TR-
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FRET signal of LGR4 and LGR5AC bound R1Fu-His molecules in the presence of
increasing concentrations of unlabeled RSPO3. TR-FRET curves are representatives of 3
independent experiments, and error bars are SEM of 2 technical repeats.
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Fig. 6. LGRS interacts with both FZD and LRP6 of the Wnt signalosome and promotes signaling
IQGAP1-dependently.

(A) Confocal microscopy images of PLA between LGR5 and endogenous FZD and between
LGR5 and HA-LRP6 in the absence or presence of RSPO1 during primary antibody
incubation in STF-4KO-LGRS5 cells transiently transfected with HA-LRP6. CTL is negative
control without primary antibody. Nuclei were stained with TO-PRO-3 (blue). Images are
representative of 2 independent experiments. Scale bar, 25 pm. (B) Coimmunoprecipitation
of LGRS with FZD. Western blot for LGR5 and FLAG in FLAG immunoprecipitates from
HEK?293T cells overexpressing FLAG-FZD5, FLAG-FZD5 + LGRS, or LGRS5. Blot is
representative of 2 independent experiments. (C and D) Normalized TOPFlash activity of
STF-4KO-LGRS cells transfected with vector or IQGAP1AIQ (dominant negative IQGAP1)
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stimulated with RSPO1 (C) or R2Fu-F109A (D). Curves are representatives of 3
independent experiments and error bars represent SEM of 2 technical repeats.
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Fig. 7. A schematic model illustrating the mechanistic differences between LGR4 and LGR5 in
mediating RSPO-induced potentiation of Wnt—B-catenin signaling.

(A). LGR4 binds to the E3 ligases RNF43 and ZNRF3 (R/F-E3) as a 2:2 dimer without
inhibiting ligase activity. Upon RSPO binding and trimer formation, E3 ligase activity is
lost. LGR4 dimers that are not engaged with E3 ligases can also enhance LRP6
phosphorylation through direct interaction with the Wnt signalosome and IQGAP1 (not
shown). (B) LGRS exists as a homodimer that is not bound to an E3 ligase but instead
interacts with Wnt receptors (not shown). Through an unknown mechanism, RSPO binding
to LGR5 enhances LRP6 phosphorylation in an IQGAP1-dependent manner (not shown).
LGR4-RSPO was modeled after PDB structures 4KT1 and 4KNG, and LGR5-RSPO was
modeled after 4UFR, and the 7TM was modeled after 40R2.
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