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Abstract 

G-protein coupled receptors are an important class of membrane protein that transmit 

extracellular signals invoked by sensing molecules such as hormones and neurotransmitters. 

GPCR dysfunction is implicated in many diseases and hence these proteins are of great interest 

to academia and the pharmaceutical industry. Leucine-rich repeat-containing GPCRs contain a 

characteristic extracellular domain that is an important modulator of intracellular signaling. One 

member of this class is the leucine-rich repeat-containing G-protein-coupled receptor 5 (LGR5), 

a stem cell marker in intestinal crypts and mammary glands. LGR5 modulates Wnt signaling in 

the presence of the ligand R-spondin (RSPO). The mechanism of activation of LGR5 by RSPO is 

not understood, nor is the intracellular signaling mechanism known. Recently reported structures 

of the extracellular domain of LGR5 bound to RSPO reveal a horseshoe-shaped architecture 

made up of consecutive leucine-rich repeats, with RSPO bound on the concave surface. This 

review discusses the discovery of LGR5 and the impact it is having on our understanding of stem 

cell and cancer biology of the colon. In addition, it covers functional relationships suggested by 

sequence homology and structural analyses, as well as some intriguing conundrums with respect 

to the involvement of LGR5 in Wnt signaling.   
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G-protein coupled receptors (GPCRs) 

G-protein coupled receptors belong to one of the largest and most diverse families of membrane 

proteins. In humans GPCRs are encoded by more than 800 genes.1 GPCRs are important signal 

transducers that control key physiological functions including immune responses, hormone and 

enzyme release from endocrine and exocrine glands, neurotransmission, cardiac and smooth 

muscle contraction and blood pressure regulation. GPCRs respond to a wide gamut of stimuli 

ranging from photons of light, to ions (H+ and Ca2+), small organic molecules, peptides and 

proteins.2 Once ligand binding has occurred, the receptor undergoes a change that causes the 

activation of cytosolic signaling molecules, resulting in a cellular response.  

Present day drugs for allergies, hypertension, reflux, depression, asthma and cancer all act by 

modulating the activity of GPCRs. In reality, 50–60% of all current therapeutic agents directly or 

indirectly target GPCRs.3 Due to their number, diversity and critical role(s) in signaling, GPCRs 

offer extraordinary opportunities for development of novel drugs. Defining the molecular 

changes that accompany function in different classes of GPCRs is not only of fundamental 

scientific interest, but holds enormous prospects for improving our knowledge of stem cell 

biology and enhancing human health.  

After a short introduction to the description and status of GPCR structural biology, this review 

focuses on a particular GPCR family, the leucine-rich repeat-containing G-protein coupled 

receptors (LGRs).   

Structure of Classical GPCR family members 

Structure determination of GPCRs is challenging at all stages, including protein expression, 



Page	
  4	
  of	
  37	
  
	
  	
  

purification, and crystallization. The field is now, however, taking advantage of the high-

throughput revolution in structural biology, utilising an array of methods developed to stabilise 

and engineer GPCR proteins for crystallisation and analysis. These methods include the 

introduction of T4 lysozyme and apocytochrome into linker regions of GPCRs4-6, co-

crystallization with simplified monoclonal antibody fragments derived from camels and llamas7, 

thermostabilisation of GPCRs by multiple systematic point scanning mutagenesis8 and protein 

engineering e.g. introduction of non-native disulphide bridges. More standard approaches 

include removal of flexible portions of the receptor and use of high affinity ligands. All such 

approaches either reinforce crystal contacts or stabilize one conformational state over another. 

The use of lipid cubic phase and other bilayer mimetic methods and the availability of new types 

of solubilizing detergents have further increased the crystallization potential of GPCRs. At the 

time of writing, 22 unique GPCR structures have been deposited in the protein database.9  

The molecular structure of a GPCR comprises three “zones” with respect to the membrane: (1) 

an extracellular region consisting of the N-terminus and three extracellular loops (ECL1–ECL3), 

(2) a transmembrane (TM) region consisting of seven α-helical segments (TM1–TM7) and (3) an 

intracellular region consisting of three intracellular loops (ICL1–ICL3), an intracellular 

amphipathic helix, and the C-terminus (Fig. 1A). A detailed analysis of the different GPCR 

structural domains is provided in Venkatakrishnan et al.9  

Active, intermediate-active, and inactive states of GPCRs have been observed and have provided 

important insights into the general mechanism of GPCR activation.10-12 The binding of ligands to 

the extracellular region appears to result in changes to interactions between the extracellular 

domain and the transmembrane region. This results in subtle conformational changes in the TM 

core. It is thought to precede larger structural rearrangements in the membrane cytoplasm that 
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facilitate the binding of intracellular effectors (e.g. heterotrimeric G-proteins and β-arrestins).13 

Classification of GPCRs 

Non-sensory GPCRs (i.e. those excluding light-, odour- and taste-receptors) have been classified 

according to their pharmacological properties: Class A are rhodopsin-like, Class B are secretin-

like, Class C are metabotropic glutamate/pheromone and the fourth Class comprises the 

frizzled/smoothened receptor families. Class A is the largest and has been further subdivided into 

four groups α, β, γ, and δ (Table 1).14 The δ group contains olfactory receptors as well as purine, 

MAS-related and the leucine-rich repeat-containing receptors (LGRs).  

Leucine-rich repeat-containing GPCRs (LGRs) 

The LGR proteins are a distinct subset of evolutionarily conserved Class A GPCRs, which 

harbour a rhodopsin-like GPCR and a large extracellular domain with multiple leucine-rich 

repeats (LRR).15 LRRs are structural motifs that consist of a conserved 11-residue sequence rich 

in hydrophobic amino acids; often leucines are at defined positions (LxxLxLxxNxL, where x is 

any amino acid). The tertiary fold of a string of LRR repeats is known as an α/β horseshoe.15 The 

extracellular domain links ligand binding to modulation of downstream LGR intracellular 

signaling pathways.16 LGR family proteins have been categorised into three main groups (A, B 

and C), according to the relative abundance of LRRs in the ectodomain, the presence of a low-

density lipoprotein receptor class A domain (LDLa) and the length of a hinge region connecting 

the GPCR region to the extracellular domain.17,18  

Type A LGR receptors are characterised both by a long hinge region and by having seven to nine 

LRRs in their ectodomain. The glycoprotein hormone receptors, like follicle stimulating 
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hormone receptor (FSHR), luteinizing hormone receptor (LHR) and thyroid-stimulating hormone 

receptor (TSHR), belong to the type A receptor subfamily. Type C receptors have similar 

number of LRRs to Type A, but are distinguishable by a shorter hinge region than Type A and 

the presence of an LDLa motif. This subgroup includes the relaxin hormone receptors LGR7 and 

LGR8.15,19 Signal transduction via Type A and C receptors is thought to occur when hormone 

binding to the ectodomain triggers conformational changes within the transmembrane domain, 

which in turn activates heterotrimeric G-proteins bound to the intracellular loop. This sequence 

of events results in activation of downstream signaling pathways.20 The Type B receptor family 

LGR4, LGR5 and LGR6 are characterized by the presence of 13-18 LRRs within the 

extracellular domain (Fig. 1B). There are only three closely related proteins in this family.  

The LGR gene family was originally identified via in silico screens for cDNAs encoding proteins 

with homology to the Type A glycoprotein hormone receptor.21,22,15 The recent explosion of 

interest in the LGR group of GPCRs is chiefly due to the their presence on the epithelial stem 

cells of hair, skin, intestine and breast tissues.23-27 

Discovery and validation of LGR5 as adult stem cell marker 

LGR5 is a Wnt target gene28 and was discovered by researchers trying to find an interstitial stem 

cell marker.29 It has been known for many decades that the intestinal epithelium regenerates 

constantly23 and a small population of stem cells residing at the base of the intestinal crypts 

drives this regeneration process.30 However, the identity of the crypt stem cells remained elusive 

due to a lack of specific markers. Epithelial homeostasis in the adult intestine is orchestrated by 

several signalling pathways including EGFR31, EpH32, Notch33, Hedgehog34 and Wnt.35 Wnt 

signalling plays a critical role in maintaining intestinal epithelial cell proliferation.35 
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Hyperactivation of the Wnt pathway is associated with adenomatous transformation of the 

intestinal epithelium36 (similar to adenomatous transformation caused by loss of the tumor 

suppressor gene, adenomatous polyposis coli (APC)36) and is the principal cause of colon cancer 

in humans.37,38 The role that Wnt signaling plays in the physiology of the intestine suggested that 

one or more Wnt target genes could be stem cell markers. 

Clevers and his colleagues identified a Wnt driven genetic programme that is activated in APC-

mutant human colon cancer cells.29 The expression programme consists of core set of ~ 80 genes. 

Although the majority of these genes are expressed throughout the proliferative crypt 

compartment29,28 and in in mature Paneth cells39, the expression of several Wnt target genes 

appeared to be restricted to the base of the crypts, i.e. the stem cell compartment. Of the basally 

expressed genes, LGR5 is specifically expressed in small wedged-shaped cells present in-

between the Paneth cells at the base of the small intestinal crypts. These wedged-shaped cells are 

known as ‘crypt base columnar’ (CBC) cells and had been identified in 1974 by Leblond and 

colleagues using electron microscopy.40 CBC cells are morphologically immature cells that 

gained prominence as a candidate stem cell population following the publication of the ‘stem cell 

zone’ model by Hazel Cheng and Matthew Bjerknes.41 LGR5 has now emerged as a candidate 

stem cell marker in the intestinal crypts. Further examination of LGR5 expression patterns in the 

mouse found discrete populations of LGR5 expressing cells (LGR5+) in other organs, including 

skin, large intestine, stomach, mammary gland, tongue, kidney and endometrium23-25,42-46, 

suggesting that LGR5 is a potential ‘universal epithelial stem cell marker’.47,44 

In order to validate the LGR5+ population as adult epithelial stem cells, in vivo lineage-tracing 

experiments were conducted on LGR5-expressing CBC cells in mouse small intestine.23 In vivo 

lineage tracing is a genetic fate-mapping technique in which heritable genetic marks are 
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introduced into candidate stem cell populations in situ in living tissues.48 The descendants of 

these marked stem cell candidates can be probed in situ for the introduced genetic markers.48 A 

marked stem cell candidate is said to be multipotent if the entire set of differentiated cell lineages 

can be traced back to a single stem cell and long-term production of marked cell lineages in a 

given tissue exhibits the self-renewal capacity of the stem cell candidate.48 Thus a candidate cell 

demonstrating both multipotency and self-renewal capacity in this system fulfills the 

requirements to be called an adult stem cell (possessing “stemness”).48  

To evaluate the “stemness” of LGR5+ populations in vivo using lineage tracing, a heritable-

inducible lacZ reporter gene was introduced into LGR5-expressing cells. Initially resulting in the 

appearance of lacZ+ cells in the CBC compartment within the crypt base23, over the course of the 

week the progressively expanding lacZ+ progeny were observed extending from the crypt base 

towards the tips of interstitial villi. Similar observations were also made in colon.23 Thus, 

individual lacZ+ tracing units were present in all epithelial cell lineages and persisted throughout 

the life of the organism, identifying LGR5+ cells as a truly multipotent, self-renewing population 

of adult intestinal stem cells. In vitro, small numbers of LGR+ cells are able to generate self-

organising, self-renewing epithelial organoids with an architecture and cell composition that are 

remarkably similar to in vivo crypts/villus units.49 

In vivo and in vitro data identify the LGR5+ cells in the mouse intestine as the proliferating stem 

cells responsible for the daily self-renewal capacity of the mucous lining. In vivo lineage tracing 

has also been used to demonstrate “stemness” of LGR5-expressing populations in the adult hair 

follicle, adult distal stomach, taste buds and embryonic kidney.24,25,42,43,46  Recently it was shown 

that mammary glands can be reconstructed efficiently from LGR5+ cells.45 These reconstructed 

mammary glands exhibit regenerative capacity in serial transplantations.45 Adult tissues that 
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display lower turnover rates, such as the liver50, respond to acute damage by activating Wnt 

signaling and consequentially generate LGR5+ stem cells that result in tissue regeneration.51    

Mechanism of maintaining epithelial cell homeostasis by LGR5+ stem cells 

Validation of LGR5 as a stem cell marker of intestinal epithelial cells allowed the role of stem 

cells in homeostasis to be studied in greater depth. The stem cell-driven process that maintains 

the homeostasis of continually renewing intestinal epithelia requires a delicate balance between 

daily production of committed progeny and new stem cells throughout the lifetime of an 

organism. Understanding this process in the adult stem cell compartment in vivo is crucial for 

deciphering how disturbance to this equilibrium contributes to disorders such as cancer.  

It has been proposed that adult stem cells within tissues undergo obligate asymmetric division to 

maintain the balance between production of committed progeny and new stem cells.52 However, 

recent studies have found compelling evidence of prevalently stochastic, symmetric cell division 

within the LGR5+ stem cell compartment. In particular, multicolour lineage tracing experiments 

show that cell division in LGR5+ stem cells is symmetric (Supplemental Fig. 1). In the short-

term, LGR5+ stem cells rarely generate daughter cells that adopt divergent fates. In the long-

term, however, the multicolour stem cell pool is converted to a single-colour population, 

indicating a gradual shift towards clonality.53 Thus it appears likely that LGR5+ stem cells double 

daily and that adoption of stem cell or progenitor fate is determined stochastically. It has been 

independently demonstrated that the segregation of chromosomes during mitosis of LGR5+ 

intestinal stem cells is random. At present the molecular mechanisms that stimulate LGR5+ 

intestinal stem cell division and their subsequent fate are not known.  

Functions and mechanism of action of LGR5 



Page	
  10	
  of	
  37	
  
	
  

Much of our understanding of LGR5 function has come from the analysis of null or loss-of-

function mutants. A knock-in mouse strain harbouring a lacZ reporter gene 5’ to the region that 

encodes the first transmembrane domain creates a null allele.54 In homozygotes, disruption of 

LGR5 results in 100 % neonatal lethality, characterized by gastrointestinal tract dilation and 

absence of milk in the stomach. Histological examination of the homozygote mice revealed 

fusion of the tongue to the floor of the oral cavity (condition called ankyloglossia), while 

immunostaining showed expression of LGR5 in the epithelia of the tongue and mandibles of 

wild-type embryos. Thus, neonatal lethality of the LGR5 null mice provided the first firm 

indication that LGR5 is essential in development. The same LGR5-null strain also demonstrated 

accelerated maturation of Paneth cells in the developing intestine, indicating that LGR5 may 

negatively regulate Wnt signaling during neonatal intestinal development.55  

Further evidence that LGR5 negatively regulates Wnt signaling has also been indicated in 

colorectal cancer cell lines by overexpression of LGR5 or reduction of LGR5 expression by 

RNAi.56 Walker et al. illustrated that overexpressing LGR5 in a colon cancer cell line suppresses 

the response to Wnt signaling, augments cell-cell adhesion, reduces clonogenicity and attenuates 

tumourigenicity.56 Conversely, knockdown of LGR5 resulted in enhancement of Wnt signaling 

attributes such as increased invasion, anchorage-independent growth, and enhanced 

tumourigenicity.56 

R-spondins are ligands of LGR5 

In 2011, it was discovered that R-spondin (RSPO) family proteins were ligands of LGR5.57-61 R-

spondins are required for the production of crypts in vivo and in vitro49 and have a strong 

mitogenic effect on LGR5+ cells.62,63 The interaction of RSPOs and LGR5 have been assessed by 
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cell surface binding assays, surface plasmon resonance, cell-free co-immunoprecipitation and a 

tandem affinity purification mass spectrometry.57-59 The Kds of binding between different RSPOs 

and LGR5 are in the nM range, (e.g. the Kd of hRSPO1-LGR5 interaction was measured at ~ 3.1 

nM57,58 and that Kd of RSPO3 and LGR5 ~ 3.0 nM).59  

R-spondins are secreted proteins of approximately 35 kDa and RSPO1-RSPO4 share pair-wise 

amino-acid similarity of 40% to 60%. The human RSPO1–4 proteins range from 234 to 272 

amino acids in length and feature: (i) a hydrophobic, secretion signal sequence at the N-terminus, 

(ii) adjacent cysteine-rich furin-like (FU) repeats, (iii) a thrombospondin type I repeat (TSR) 

domain that can bind matrix glycosaminoglycans and/or proteoglycans and (iv) a C-terminus 

basic amino acid-rich (BR) domain of varying length (Fig. 2). Although RSPOs do not initiate 

Wnt signaling, they bind LGR5, and presumably release its negative regulation of Wnt signaling, 

thus potentiating Wnt signaling.64-66,58,59  

LGR5, RSPO and Wnt signalling 

Wnt signalling is reviewed in detail elsewhere.67-70 To provide context for the role RSPO and 

LGR5 in Wnt signalling, however, the canonical Wnt pathway is described briefly here (Fig. 3). 

The pathway was first identified from genetic screens in Drosophila. The basic molecular 

signalling framework was further characterised from studies on flies, worms, frogs, fish and 

mice.71 In the canonical signaling model, in the absence of Wnt signaling, β-catenin is degraded 

by a ‘destruction complex’ that comprises of axin, APC, glycogen synthase kinase 3 (GSK3) and 

casein kinase-1α (CK-1α).72,73 Within this destruction complex β-catenin is multiply 

phosphorylated, leading to ubiquitination and subsequent proteolytic destruction of β-catenin by 

the proteasome (Fig. 3A).72 Axin has been implicated as the critical component mediating β-
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catenin degradation.74 However, recent data show that not all phosphorylated β-catenin is 

degraded and that distinct complexes of phospho-β-catenin are present at different subcellular 

locations and are likely to have specific functions at these locations74, for example, 

phosphorylated β-catenin has been implicated in microtubule regrowth at centrosomes75 and cell 

adhesion.76 In addition, it has been suggested that a recently identified Wnt3a-induced phospho-

β-catenin-APC-α-catenin complex is involved in Wnt3a-mediated changes in cell–cell adhesion 

in HEK293 cells.77  

Wnt initiates signaling by binding to a receptor complex composed of Frizzled (FZD) and 

lipoprotein receptor-related protein 5/6 (LRP5/6). The Wnt-FZD-LRP5/6 complex inhibits the 

degradation of β-catenin (Fig. 3B).72  In both humans and mice, the FZD receptor family has ten 

members belonging to the GPCR superfamily.78 The LRP5/6 receptors are single-pass 

transmembrane proteins with an extracellular domain containing four EGF (epidermal growth 

factor)-repeats.72 Formation of a ternary complex of Wnt, FZD and LRP5/6 switches on β-

catenin-TCF-induced transcription72 and changes in cell-cell and cell matrix adhesion.79 

Overexpression of LGR5 antagonizes Wnt signaling56, possibly by reducing access of the 

Wnt/FZD complex to LRP5/6, but there may also be more indirect effects triggered by signaling 

from the RSPO-LGR5 complex. The likely outcome of LGR5 antagonism via sequestration of 

LRP5/6 would be to cause β-catenin phosphorylation and targeting for degradation (Fig. 4A). 

Over-expression of LGR5 in HEK293 or colon cancer cells stimulates cell-cell adhesion and 

decreases cell motility.56 Such effects may be associated with the changes in phosphorylation 

state of β-catenin and subsequent changes in its subcellular distribution. LGR5 also interacts with 

the tumor suppressor TROY (a member of the tumour necrosis factor receptor superfamily).80 If 

TROY is recruited to the Wnt/FZD signaling complex via its interaction with LGR580 it could 
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destabilise the cell surface Wnt/FZD/LRP5/6 complex, thereby causing a reduction in Wnt 

signaling (Fig. 4B).80 

In the presence of RSPO, the inhibitory effect of LGR5 on Wnt signaling appears to be 

abolished.  The formation of the LGR5:RSPO complex potentiates Wnt signaling in HEK293T 

cells57-59 but the mechanism is unclear; in particular, there is no evidence that binding of RSPO 

to LGR5 leads to G-protein-mediated activation of typical intracellular messengers such Ca2+ or 

cAMP.57,58 One model for potentiation of Wnt signaling involves a direct interaction between 

RSPO:LGR5  and the Wnt/FZD/LRP5/6 complex. When LGR5 receptor is used as bait, a 

physical interaction between LGR5 and FZD/LRP6 can be detected by mass spectrometric 

analysis.58 On this basis, it has been suggested that a ‘Wnt potentiating complex’ 

(RSPO/LGR5/LRP5/6/WNT/FZD) may form at the membrane (Fig. 5A).58  

Phosphorylation of a serine residue in LRP6 can be detected within 30 min of RSPO 

stimulation.81,57 Interestingly, this observation concurs with previous findings that 

phosphorylation of a serine in LRP is the earliest molecular event occurring during activation of 

Wnt signaling pathway and that it potentiates the endocytosis of the receptors (LGR5/LRP/FZD) 

and the ligands (RSPO/WNT).60 In contrast to caveolin-dependent LRP6 endocytosis after WNT 

stimulation82, the endocytosis of LGR5, LRP6 and FZD induced by WNT and RSPO co-

treatment appears to be mediated by clathrin.59,60  

There are conflicting reports as to whether endocytosis of LGR5 and LRP6 are critical for Wnt 

signal activation. In brief, while one study59 indicates that endocytosis of the receptor complex is 

critical for WNT signaling , another study60 reports that blocking endocytosis has no effect on 

the activation of Wnt signaling. The understanding of the role of endocytic pathway during 
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LGR5 signaling is further complicated by a recent study that shows constitutive internalization 

of LGR5, in the apparent absence of RSPOs, through a dynamin GTPase.83  The internalized 

LGR5 was then shown to transit through a retromer complex (important in recycling 

transmembrane receptors from endosomes84)  that regulates retrograde trafficking to the trans-

Golgi network.83 Further investigation is needed to map out the role of endocytosis in both Wnt 

and LGR5 signaling.   

It is also possible that the LGR5:RSPO complex enhances Wnt signaling by interacting with the 

cell-surface transmembrane E3 ubiquitin ligases, zinc and ring finger 3 (ZNRF3) and/or its 

homologue ring finger 43 (RNF43).85 Recent studies have implicated ZNRF3 and RNF43 in 

fine-tuning Wnt signaling in the intestinal stem cell compartment.85,86 ZNRF3 and RNF43 are 

negative feedback regulators of Wnt signaling that appear to promote the ubiquitinylation of the 

FZD and LRP6 receptors on the cell surface.85,86 As for the LRP5/6 interaction, association of 

LGR5:RSPO with ZNRF3/RNF43 may promote removal of ZNRF3/RNF43 from the plasma 

membrane and, consequentially, increase the levels of FZD and LRP5/6 enhancing the Wnt 

signaling response (Fig. 5B).85  

At present it appears that LGR5 acts as an intrinsic negative regulator of Wnt signaling. In the 

presence of RSPO, LGR5 inhibition of Wnt signaling is removed, leading to an amplified 

cellular response to the presence of Wnt. Understanding the critical molecular mechanisms 

associated with the RSPO:LGR5 regulation of Wnt signaling is a key goal in stem cell biology. It 

is also important to determine whether the RSPO-LGR5 complex activates intracellular signaling 

pathways independently of the Wnt-FZD complex. 

Structural comparison of LGR5 to other LGRs and other glycoprotein hormone receptors 
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LGR5 is closely related to LGR4 and LGR6 with ~ 50 % sequence identity. In comparison, it has 

33% identity to glycoprotein hormone receptors. LGR5 and LGR4 have 17 leucine-rich repeats 

in contrast to 13 in LGR6 and nine in glycoprotein hormone receptors. The leucine-rich repeat 

region of mammalian LGRs is flanked by cysteine-rich segments. The C-terminal flanking 

segment of LGR4 and LGR5 contains a cysteine-rich, chemokine-like domain, similar to the 

consensus CF3 subtype domain found in 45 glycoprotein hormone receptors.17 The core 

sequences of this consensus CF3 domain (CCAF and FK/NPCE sequences) are completely 

conserved but the number of residues separating the conserved cysteines in LGR4 and LGR5 

(CC-4X-C-4/54X-C) differs from that in the three known human glycoprotein hormone receptors 

(CC-15/23X-C-31/88X-C).21 

Crystal structures of complexes incorporating the FU1-FU2 fragment of RSPO1 were 

determined in the presence (2 Å) (Fig 6A) or absence (to 3.2 Å) of the ectodomain of LGR5.87 In 

RSPO1, each FU domain has an essentially β-fold of hairpin-like elements interconnected by 

disulphide bonds, in the manner of cysteine-knot proteins. The hydrogen-bonding pattern is 

atypical. The two FU domains are orthonormal. When bound to the LGR5 ectodomain, RSPO1 

undergoes a conformational change, approximately aligning the FU domains and resulting in a 

flatter morphology (Fig 6B). In the same study the LGR5:RSPO complex was crystallised in 

four independent crystal forms. In all four structures, the LGR5:RSPO complex exists as a  

dimer-of-heterodimers (i.e. 2:2), even though size-exclusion chromatography had indicated a 1:1 

LGR5:RSPO complex. This is consistent with oligomerisation of the ectodomain being a 

concentration-dependent process. Alternatively, the 2:2 interfaces may be held together by low 

affinity interactions that do not survive gel filtration. The LGR5:RSPO structures from the four 

different crystal forms superimpose closely, with an RMSD of 1.0 Å over the entire Cα of LGR5 
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(Fig 6C). The structures diverge at or near the C-termini, however. This might be due to an 

absence of structural constraints provided by the transmembrane domain of LGR5 or by the lipid 

bilayer itself.  

Similarly to FSHR, the LGR5 ectodomain adopts a horseshoe-shaped architecture with C- and 

N-terminal caps.88 The linker between LGR5 repeats 10 and 11 has two phenylalanines at 

positions usually occupied by leucines. The binding site of RSPO1 on LGR5 is reminiscent of 

the FSH binding site on the N-terminal leucine-rich repeat region of FSHR, despite the ligands 

being quite distinct (Fig 6D). A significant difference between the binding sites, however, is that 

that of FSHR is bipartite; in FSHR, an additional C-terminal hinge domain clamps FSH in 

place,88 whereas in LGR5 the C-terminal region does not contact RSPO1 directly.  

The LGR5:RSPO interface 

The FU1 and FU2 domains of RSPO1 both contact LGR5 in the region containing leucine-rich 

repeats 3 to 9. A string of residues (R165-W168) on leucine-rich repeat 5 make close contacts 

with residues 106 to 110 of RSPO1-FU2 (Fig 7A). The flanking phenylalanines, Phe106 and 

Phe110, protrude into a cleft in the surface of the LGR5 ectodomain (Fig 7B). Residues forming 

the binding site are conserved in LGR4, LGR5and LGR6 (Fig 7B), suggesting that all three 

receptors bind RSPO1 in a similar way. The recently determined structure of the LGR4 

ectodomain in complex with the FU1-FU2 fragment of RSPO1 verifies that the RSPO1 binding 

mode is similar in LGR4.89 Key RSPO1 residues at the binding interface, Arg87, Phe106 and 

Phe110, are conserved in all four RSPOs  (Supplemental Fig. 2) and are likely to be important 

for binding to LGR4 and LGR6. Recent mutational studies have shown that truncating the side 
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chains of Arg87, Phe106 and Phe110 decreases both RSPO1 binding to LGR4 and, 

consequentially, Wnt signaling.89  

In 2013, the structure of a trimeric complex consisting of the ectodomain of LGR5, the FU1:FU2 

domains of RSPO1 and the ectodomain of RNF43 (Fig 8A) was reported.90 This structure 

showed a direct physical interaction between RNF43 and the LGR5:RSPO complex.90 The 

LGR5 ectodomain from LGR5:RSPO:RNF43 (PDB code: 4BSS) superimposes closely with the 

LGR5 component of the LGR5:RSPO complex (PDB code: 4KNG) (Fig 8B). In the trimeric 

complex, LGR5 does not directly contact RNF43. Instead it binds to the FU1 domain while 

RNF43 binds the FU2 domain. The affinity of RNF43 for LGR5:RSPO1 has been measured at 

ten times higher than its affinity for free RSPO1.90 This suggests that LGR5 reorients RSPO or 

otherwise potentiates its binding to RNF43, in agreement with previous studies that have shown 

that the LGR is needed for RSPO1-induced ZNRF3 membrane clearance.85 

While RSPO binding does not significantly alter the conformation of LGR4 or LGR5, it disrupts 

the dimerisation of LGR4 (Fig 8C)89. On this basis, it has been hypothesised that RSPO binding 

alters the receptor oligomerisation state of LGR4 and/or its orientation on the cell surface and 

that this might be important for signal transduction. The role of GPCR oligomerisation in 

signaling is not well characterized, though experimental and theoretical data have proposed roles 

for GPCR oligomerisation in a range of processes from ligand binding and receptor signaling to 

cell maturation and trafficking91-93. Further studies are required to investigate LGR4 and LGR5 

oligomerisation in the light of RSPO effects on Wnt signal transduction.  

Intriguingly, a recent study has shown that when the transmembrane domain of LGR5 is replaced 

by an unrelated single-pass membrane protein, Wnt signaling is reduced to basal levels.87 This 
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shows that binding of RSPO to the LGR5 ectodomain is of itself insufficient to perpetuate Wnt 

signaling, suggesting that the membrane GPCR domain has a role in signal transduction. The 

implication, that the α-helical membrane domain plays a role in antagonizing Wnt signaling in 

its unliganded state, is yet to be tested directly.  

Ligand binding to the ectodomain seems likely to facilitate signaling by causing changes within 

the membrane, similarly to other GPCRs. Agonist-bound structures of the related GPCRs 

rhodopsin94, β2-adrenergic receptor (β2-AR)11 and the A2 adenosine receptor12 have helped 

elucidate the type of structural changes occurring in transmembrane regions of GPCRs during 

activation. Specifically, these studies have concluded a rearrangement of the TM5-TM6 

interface, resulting from movement of a segment of TM6 located in the inner leaflet of the 

bilayer. The extent of relative TM6 displacement observed between structures varies, but 

superimposition of two complexes of the β2-adrenergic receptor reveals significant 

displacement: TM6 of an agonist-bound β2-AR–G-protein complex (PDB code: 3SN6) is 14 Å 

away from TM6 of an antagonist-bound β2-AR complex (PDB code: 2RH1).10 When agonist is 

bound, the displacement of TM6 opens up a cleft in the surface where signaling molecules can 

bind.  

To understand whether comparable structural changes in the membrane domain of LGR5 are 

responsible for triggering downstream signaling events, structure determination of the relevant 

full-length complexes is vital. No full-length protein structures are yet available for LGR 

GPCRs. While there are obvious challenges in achieving this, the structures would provide 

unprecedented insights into its biological role. Additionally, comparing structures of full-length 

LGR5 with those of other GPCRs would help in elucidating universal principles underlying 
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GPCR signaling.  

Until recently there had been no evidence that LGR5 signaling was coupled to G-proteins, In 

2013, however, evidence suggesting that LGR5 activates the Gα12/13-Rho GTPase pathway was 

reported.95 Unexpectedly, the activation of LGR5 was reported to be RSPO-independent, 

implying that RSPOs are not the ligands relevant to the LGR5:Gα12/13-Rho pathway and opening 

up the search for other ligands that may couple LGR5 to Gα12/13 pathway. However, it must be 

noted that in these experiments the possibility of autocrine stimulation by an endogenous RSPO 

was not considered.  

In recent years, so-called biased ligands to other GPCRs selectively activating G-proteins or β-

arrestin have been discovered.96 For example, a β-arrestin-biased ligand of the parathyroid 

hormone receptor results in increased bone density without activating the usual catabolic 

pathways.97 Another example is a novel angiotensin II type 1 receptor agonist (TRV120027) that 

selectively signals via β-arrestins, leading to increased cardiac performance with a reduction in 

blood pressure;98 in the normal circumstance, stimulation with angiotensin causes the angiotensin 

II type 1 receptor to signal through the G-protein pathway, resulting in vasoconstriction, 

increased blood pressure and decreased cardiac output.98 Biased agonists can and are being used 

as tools to probe downstream signaling.99 Discovery of biased ligands for directing LGR5 

signaling towards the Gα12/13 -Rho pathway would be of great value in illuminating the role of 

LGR5 in vivo.  

Conclusions 
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LGR5 is a specialized member of the GPCR family that marks stem cells in the epithelia of the 

colon. It also acts as a negative modulator of Wnt signaling. It was recently discovered that R-

spondins are high affinity ligands of LGR4, LGR5 and LGR6. Recent crystal structures of 

LGR:RSPO complexes define a binding interface where two phenylalanine residues, conserved 

in RSPOs, project into a cleft on the surface of the ectodomain. The primarily hydrophobic 

interface is augmented by electrostatic and hydrogen-bonding interactions. In binding, RSPO 

removes the ability of LGR5 to inhibit FZD based Wnt signals. It is likely that the antagonism 

results from competing interactions for LGR5 by LRP5/6 and/or RNF43. At present, the 

antagonism cannot be explained by LGR5-based activation of either G-proteins or β-arrestin. 

Whilst it is possible that LGR5 ligands other than RSPOs exist, the role of autocrine RSPO 

stimulation in cell lines needs further investigation. Deducing the links between Wnt signaling, 

LGR5 signaling and cell-to-cell adhesion will take us significantly further along the path to 

understanding the role of GPCR signaling in positioning and migration of both normal and 

cancerous stem cells. 
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Figure legend: 

Figure 1: Schematic presentation of the general structure of GPCRs and LGR5. (A) 

General architecture of GPCRs. (B) LGR5 contains a signal peptide (yellow) followed by 17 

leucine-rich repeat (LRR) domains (red). It contains a linker region between the last LRR and the 

first TM domain, followed by a seven helical TM domain homologous to rhodopsin-like GPCR.  

Figure 2: Schematic representation of the domain architecture of RSPO. RSPOs contain a 

signal peptide followed by two furin-like Cys-rich repeats (red). It contains a thrombospondin 
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type1 domain (violet) and a C-terminal tail of varying lengths. Numbers represent the amino-acid 

numbers for RSPO. Sequence identity compared to RSPO1 is written as % within the domains 

Figure 3: Wnt signaling pathways. (A) In the absence of Wnt, the ‘destruction complex’ 

(formed by Axin, GSK3, CK1, APC) phosphorylates β-catenin targeting for ubiquitination and 

subsequent degradation. In addition, phosphor-β-catenin is involved in cell-cell adhesion (with 

α−catenin and APC) and in cell-cell contacts (with α−catenin and E-cadherin). (B) When Wnt is 

present, it binds to FZD and LRP forming a ternary complex. This complex inhibits the 

phosphorylation of β-catenin by the ‘destruction complex’ resulting in translocation of β-catenin 

into the nucleus. In the nucleus β-catenin binds TCF/LEF resulting in gene transcription.  

Figure 4: Effect of LGR5 overexpression on Wnt signaling. (A) Overexpression of LGR5 

might antagonize Wnt signaling by sequestering LRP5/6, resulting in β-catenin degradation. (B) 

LGR5 might downregulate Wnt signaling by recruiting TROY that might, in turn, inhibit LRP5/6 

leading to the degradation of β-catenin. Scenarios (A) and (B) results in an increase in cell-cell 

adhesion and cell-cell contacts.  

Figure 5: Effect of RSPO:LGR5 complex on Wnt signaling. (A) LGR5:RSPO interacts with 

FZD, LRP and Wnt to form a ‘potentiating complex’ that inhibits the phosphorylation of β-

catenin by the ‘destruction complex’. This results in gene transcription (enhance Wnt signaling). 

(B) The LGR5:RSPO complex might interact with the negative Wnt regulator,  ZNRF3/RNF43 

to enhance Wnt signaling.  

Figure 6: Crystal structures of LGR5-ectodomain:RSPO1 complexes. (A) X-ray crystal 

structure of the LGR5-ECD (red) in complex with the two furin-like domains (FU1-FU2) of 
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RSPO1 (green) (PDB code: 4BSS). (B) The structures of the FU1-FU2 domains from free 

RSPO1 (cyan, PDB code: 4BSO) and RSPO1 in complex with LGR5 (red, PDB code: 4BSS) 

show a 90.5° change in orientation relative to each other. (C) Overlay (Cα over 482 residues 

LGR5:RSPO complex) of the four crystal forms of LGR5:RSPO complex. P61224 (green, PDB 

code:4BST), C2 (cyan, PDB code: 4BSU), P22121 (magenta, PDB code: 4BSR), P21 (red, PDB 

code: 4BSS). (D) Structure of RSPO1 (cyan; PDB code: 4BSO) compared to FSH structure 

(orange; PDB code: 1FL7). 

Figure 7: LGR5:RSPO interface. (A) Residues R165 to W168 on LGR5 (grey) make close 

contacts with residues F106 to F110 on RSPO1 (white). (B) Sequence alignment of human 

LGR4-6. Residues are coloured according to conservation (Highly conserved (Red) to poorly 

conserved (Blue). Residues that make a H-bond with RSPO1 are marked with a dotted-line 

(black) (Top). The surface representation of LGR5 coloured according to the sequence 

conservation with RSPO residues in stick representation (white) (bottom). Residues 106 to 110 

in RSPO1 (stick representation; white) are lined by residues in LRR5 (R165, H166, L167 and 

W168), LRR6 (A190, M191, T192 and L193) and LRR7 (V213, V214, L215 and H216) of 

LGR5 (surface representation).  

Figure 8: Structures of LGR5/4-ectodomain:RSPO1 complexes. (A) Structure of LGR5-ECD 

(blue) in a ternary complex with FU1-FU2 domains of RSPO1 (magenta) and RNF43-ECD 

(grey) (PDB code: 4KNG). (B) Overlay of LGR5-ectodomain:RSPO1 (PDB code: 4BSS) and 

LGR5-ectodomain:RSPO1:RNF43-ectodomain (PDB code: 4KNG) (Cα 543). (C) The structures 

of free LGR4 (orange, PDB code: 4LI1) and LGR4 in complex with FU1-FU2 domains of 

RSPO1 (light green, PDB code: 4LI2) overlay with a RMSD of 0.6 Å (Cα 452).   
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Supplemental Figure 1: Schematic representation of alleles used in multicolour lineage 

tracing of LGR5+ cells. (A) Generation of LGR5 knock-in allele driving the expression of eGFP 

and Cre recombinase (Top). These LGR5 knock-in mice are crossed with a stochastic 

multicolour Cre reporter termed Rosa26-Confetti. The Rosa26-Confetti harbours a neomycin 

resistant gene flanked by Cre-recombinogenic loxP sites and encodes four fluorescent proteins 

(GFP- Green fluorescent protein, YFP- Yellow fluorescent protein, RFP- Red fluorescent protein 

and CFP- Blue fluorescent protein) in sense and antisense orientation flaked by Cre-

recombinogenic loxP inversion sites (Bottom). (B) In mice expressing the LGR5 knock-in allele 

and Rosa26-Confetti, tamoxifen injection allows single LGR5+ cells to randomly adopt one of 

the four fluorescent protein encoded in the Rosa26-Confetti locus (due to the excision of DNA 

between two loxP sites). Two of the four fluorescent proteins remain in the Rosa26-Confetti 

allele after the first tamoxifen injection (‘tracing’) (GFP and YFP; RFP and CFP). One is active 

(the one in sense) and the other in inactive (the one in antisense). A second termoxifen injection 

(‘retracing’) induces ‘flipping’ from the active to the silent colour. Using the multicolour lineage 

tracing the cellular fates of LGR5+ cells and its progeny can be studied.  

Supplemenatl Figure 2: Sequence alignment of human RSPO1-4. Residues are coloured 

according to conservation (Highly conserved (Red) to poorly conserved (Blue). Residues that 

make a H-bond with RSPO1 are marked with a line-dot (black) (Top). The surface representation 

of RSPO1 coloured according to the sequence conservation with LGR5 residues in stick 

representation (grey) (bottom). 
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