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In a recent issue of Nature, Hao 
et al. report an unexpected link be-
tween the secreted stem cell factor/
Wnt agonist R-spondin and Wnt 
receptors through the transmem-
brane ZNRF3 protein, a RING finger 
ubiquitin ligase. ZNRF3 acts to turn 
over Frizzled and LRP6 receptors. R-
spondin binds to ZNRF3, in addition 
to transmembrane LGR4/5 receptors, 
to antagonize degradation of the Wnt 
receptors by ZNRF3, thereby result-
ing in increased Frizzled and LRP6 
levels and a greater Wnt response. 

Signaling by the Wnt family of 
secreted morphogens has central roles 
in embryogenesis, homeostasis, patho-
genesis, and regeneration [1]. Wnt 
proteins engage the Frizzled (FZ) 
family of serpentine receptors and 
various co-receptors including the LDL 
receptor-related protein 6 (LRP6) [1]. 
In the canonical Wnt pathway, Wnt-
induced FZ-LRP6 complex formation 
activates β-catenin (a transcriptional 
coactivator)-dependent gene expres-
sion [1]. R-spodin (Rspo) proteins are 
four related and secreted Wnt agonists 
that facilitate Wnt/β-catenin activation 
in stem cells and many developmental 
events in vertebrates [2, 3]. But how 
Rspo proteins act mechanistically has 
been enigmatic.  

Rspo proteins have gained promi-

nence as potent mitogens for intestinal 
stem cells [3], whose self-renewing pro-
liferation is powered by Wnt/β-catenin 
signaling [4]. Rspo synergizes with 
low levels of Wnt to enhance phospho-
rylation and activation of LRP6, and 
phosphorylation of Dishevelled [5], a 
FZ downstream partner and indicator of 
FZ activation, suggesting that Rspo acts 
through the Wnt receptors. An important 
feature of Rspo action is its dependence 
on Wnt, because Rspo effect is blocked 
by secreted Wnt antagonists (such 
as DKK1 and Sfrps) [2, 5, 6] and by 
chemical inhibition of Wnt biogenesis 
[4]. How Rspo proteins serve as Wnt 
agonists had been debated, as conflict-
ing evidence existed for or against Rspo 
binding to LRP6, FZ or another protein 
(Kremen) [2, 5-7]. This debate was 
quieted to a large degree by publications 
that identified leucine-rich G protein 
coupled receptors 4 and 5 (LGR4/5) as 
Rspo receptors [8, 9]. 

LGR4, LGR5 and the related LGR6 
form a unique group of serpentine recep-
tors with a large extracellular domain con-
taining leucine-rich repeats [10]. LGR5 
had already gained fame as a marker for 
proliferating intestinal stem cells and is 
a Wnt target gene [10]. LGR4/5 through 
their amino terminal region bind to Rspo 
with high affinity, and their knockdown 
via siRNAs/shRNAs diminished activa-
tion of β-catenin signaling by Rspo, but 
not Wnt, treatment [8, 9, 11]. Importantly, 
genetic deletion of Lgr4/5 in mice abol-
ishes self-renewal and Wnt-responsive 

gene expression in intestinal stem cells 
[9]. A FZ-LRP6-LGR4/5 complex has 
been observed in the presence of Rspo 
plus Wnt [9, 12] (Figure 1), leading to 
a view that while the FZ-LRP6 com-
plex mediates Wnt/β-catenin signaling, 
a supercomplex of FZ-LRP6-LGR4/5 
mediates Rspo enhancement of the Wnt 
pathway (Figure 1). But how LGR4/5 
(and likely LGR6), which may not act 
like typical G-protein coupled recep-
tors (GPCRs) [8, 9], enhance FZ-LRP6 
signaling remains unknown. Hao et al. 
[13] shed light on this important question 
and beyond by demonstrating a role of 
ZNRF3 as an additional Rspo receptor 
that regulates FZ and LRP6 levels on the 
plasma membrane. 

Hao et al. [13] designed a clever 
computation screen to identify new 
Wnt target genes that correlate with 
expression of Axin2, an established Wnt 
target gene. This rationale is logical as 
many Wnt regulators, such as Rspo and 
LGR5 (pathway enhancers), and DKK1 
and Axin2 (pathway antagonists), are 
directly or indirectly activated by Wnt 
signaling [1]. From the screen, the 
single-span transmemebrane RING fin-
ger ubiquitin ligases ZNRF3 and related 
RNF43 emerged as top candidates. Hao 
et al. demonstrated that both ZNRF3 
and RNF43 were indeed induced by 
Wnt stimulation and upregulated in 
colon cancers that are known for high 
β-catenin signaling. Hao et al. defined 
ZNRF3 and RNF43 as inhibitors of the 
Wnt pathway using knockdown and 
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overexpression methods. Knockdown 
of ZNRF3 increased Wnt-induced re-
porter and cytosolic β-catenin levels, 
and this increase was abrogated when 
Wnt biogenesis was inhibited, indicat-
ing that signaling by endogenous Wnt 
ligands was elevated when ZNRF3 was 
depleted. A ZNRF3 mutant lacking 
the intracellular RING finger ubiqutin 
ligase domain behaved in a dominant 
negative manner, elevating Wnt signal-
ing. ZNRF3 knockdown or inhibition by 
the dominant negative ZNRF3 mutant 
increased phosphorylation of LRP6 and 
Dishevelled, suggesting an involvement 
of both LRP6 and FZ [13]. Importantly 
depletion or blocking ZNRF3 function 
resulted in increased FZ and LRP6 
levels on the plasma membrane due to 
extended receptor half-life. A previous 
study showed that FZ ubiquitination 
and degradation through the lysosomal 
pathway negatively regulates Wnt re-
sponsiveness [14]. Demonstrating that 
ZNRF3 likely acts as a FZ ubiquitin 
ligase, Hao et al. showed that FZ was 
ubiquitinated and degraded in a ZNRF3-
dependent manner that depended on the 
RING finger domain, and a FZ mutant 
engineered to lack lysines for ubiquitin 
attachment was resistant to ubiquit-
ination and degradation by ZNRF3. 
Further, ZNRF3 was found to co-
immunoprecipitate with FZ and LRP6. 
Therefore ZNRF3, and likely RNF43, 
negatively regulate Wnt receptor sta-
bility through ubiquitination-mediated 

degradation. 
Hao et al. [13] prudently noticed that 

Rspo increased FZ and LRP6 levels on 
the plasma membrane while decreased 
FZ ubiquitination, and therefore phe-
nocopied the effects of knockdown/
blocking of ZNFR3. This prompted 
the authors to explore whether Rspo 
acts to inhibit ZNRF3. Strikingly, 
they found that Rspo bound to ZNRF3 
extracellular domain (ECD), and this 
interaction was prevented by antibodies 
against ZNRF3-ECD or by a mutation 
of a conserved proline in ZNRF-ECD. 
Further supporting Rspo-ZNRF3 bind-
ing, ZNRF3-ECD (anchored on the 
membrane) could act as a decoy that 
inhibited signaling by Rspo but not 
Wnt, and prevented Rspo-induced in-
crease of FZ on the plasma membrane. 
LGR4 as a Rspo receptor was required 
for Rspo-induced inhibition of FZ 
ubiquitination and elevation of FZ and 
LRP6 levels, as these Rspo effects were 
diminished via LGR4 knockdown. Hao 
et al. further observed a Rspo-induced 
ZNRF3-LGR4 complex formation, 
which accompanied Rspo-triggered 
removal of ZNRF3 from the plasma 
membrane (Figure 1). Indeed LGR4 
and Rspo-ZNRF3 binding were both 
required, while forced LGR4-ZNRF3 
dimerization was sufficient, for ZNRF3 
clearance, which additionally required 
the RING finger domain of ZNRF3 (i.e., 
autoubiquitination via its own ubiquitin 
ligase activity) [13] (Figure 1). There-

fore Hao et al. proposed a new model in 
which Rspo binds to LGR4 and ZNRF3, 
resulting in the removal of ZNRF3 
from, and the consequent stabilization 
of, the Wnt receptors (Figure 1). 

Like Rspo genes, ZNRF3 and RNF43 
are conserved in vertebrates. Hao et al. 
[13] confirmed that Znrf3 has a nega-
tive role in Wnt/β-catenin signaling in 
dorsal axis determination and anterior-
posterior patterning in Xenopus and/or 
zebrafish embryos. The observation that 
Rspo stabilizes FZ proteins offers a sat-
isfying explanation for Rspo regulation 
of non-canonical Wnt planar cell polar-
ity (PCP) signaling [5, 15], in which FZ 
has a central role. Indeed the authors 
demonstrated an involvement of Znrf3 
in Wnt/PCP signaling in gastrulation in 
zebrafish embryos. The authors went 
further and generated Znrf3–/– mice, 
which are perinatal lethal. Preliminary 
characterization suggested multiple 
developmental defects, including el-
evated Axin2 expression and abnormal 
lens development (which are consistent 
with excessive β-catenin signaling) and 
neural tube closure anomaly (which is 
associated with defective PCP signal-
ing). It is conceivable that in mouse 
embryogenesis Znrf3 and Rnf43 may 
have partially redundant functions, 
which may be observable only in double 
knockout mutants. 

Hao et al.’s comprehensive study 
has several broad implications: (i) it 
identifies ZNRF3 and RNF43 as novel 

Figure 1 (A) ZNRF3 promotes turnover of FZ and LRP6 via acting as a ubiquitin ligase. (B) Rspo binds to both ZNRF3 and 
LGR4, which promotes ZNRF3 turnover likely through its autoubiquitination, thereby stabilizing FZ and LRP6 for a greater 
Wnt response. Whether LGR4 has additional signaling function in the FZ-LRP6 complex is unknown. Rspo stabilization of FZ 
also enhances Wnt/PCP signaling (not depicted).
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transmembrane ubiquitin ligases for 
degradation of FZ and possibly LRP6 
receptors; (ii) it reveals a new negative 
feedback loop as ZNRF3 and RNF43 
are induced by Wnt signaling; (iii) most 
interestingly it demonstrates that Rspo 
is an antagonistic ligand for ZNRF3 by 
inducing Rspo-ZNRF3-LGR4 complex 
formation, which causes clearance of 
ZNRF3 from the plasma membrane 
thereby stabilizing FZ and LRP6 recep-
tors. This study provides significant 
insights into the mechanism by which 
Rspo proteins act as Wnt agonists in 
β-catenin and PCP pathways during 
vertebrate embryogenesis, and has 
ramifications for understanding stem 
cell biology, cancer and other diseases. 
Loss-of-function mutations in RNF43 
have been reported in pancreatic cancer 
patients, indicating that RNF43 may act 
as a tumor suppressor [16], and RSPO3 
and ZNRF3 are among loci associated 
with risk of metabolic disorders [17].

Many questions remain to be ad-
dressed. Several transmembrane com-
plexes have been proposed, including 
FZ-ZNRF3 (in the absence of Rspo), 
LGR4/5-ZNRF3 (in the presence of 
Rspo) [13], and a FZ-LRP6-LGR4/5 
supercomplex (in the presence of Wnt 
plus Rspo) [9, 12] (Figure 1), but the 
relationships among these complexes 
are obscure. Do LGR4/5 act solely to 
antagonize ZNRF3? Or do LGR4/5, 
which resemble GPCRs, have additional 
signaling function in receptor com-
plexes for β-catenin and PCP pathways? 
How does ZNRF3 act as a FZ ubiquitin 
ligase that is inhibited by Rspo? The 
fact that two ZNRF3 mutants that lack 
the RING finger domain only and the 
entire intracellular domain, respectively, 
behave in opposite manners [13] implies 
the need to further characterize ZNRF3 
molecularly and to identify its addi-
tional binding partners. Related to these 
issues are the apparently contradictory 

observations of Rspo stabilizing FZ on 
the plasma membrane [13] versus Rspo 
promoting FZ endocytosis via the clath-
rin pathway, and the importance (or not) 
of FZ endocytosis in Rspo responses [8, 
11, 12]. Investigation into these ques-
tions will further our understanding of 
Rspo and Wnt signaling in develop-
ment, cancer and drug discoveries.  
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