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Abstract

G protein-coupled receptors (GPCRs) constitute the largest protein superfamily in mammalian genomes. The Leucine-rich repeat-containing G protein-coupled
receptors LGR4, LGR5 and LGR6 belong to the type A rhodopsin-like family and are closely structurally related to the glycoprotein hormone receptors. They have
the particularity to be expressed in stem/progenitor cells. LGRs commonly recognize R-spondins as ligands leading to Wt signaling regulation. Whereas LGR4 plays
an essential role during development and adult homeostasis and exerts a dominant function over its paralogues, the function of LGRS still remains controversial. In
cancer cells, LGRs identify tumor-initiating cells and their expression can be correlated with tumor stage and prognosis. The molecular events underlying deregulated

expression of LGRs in cancer cells and potential new therapeutic approaches to target cancer cells are reviewed.

Introduction

The Leucine-rich repeat-containing G protein-coupled receptors
LGR4/GPR48, LGR5/GPR49 and LGR6 were identified in the late
nineties as new members of the large G protein-coupled receptor
(GPCR) superfamily within the subfamily of LGR receptors, which
exhibit large ectodomains composed of a variable number of Leucine-
rich repeats (LRR) (Figure 1A). The LGR4/LGR5/LGR6 receptors
(LGR subfamily group B) contain a large extracellular region (17
LRRs) as compared to the one of glycoprotein hormone receptors
(TSHR/FSHR/LHR-group A) or Relaxin/Insulin-like receptors (LGR7/
LGR8-group C) only made of 9 LRRS [1-3]. LGR4 shares 46 and 44%
overall similarity with LGR5 and LGR, respectively whereas LGR5
and LGR6 are more closely related together (54% similarity). From
an evolutionary point of view, the three human LGR4/LGR5/LGR6
paralogues, highly conserved in mammalians (90%, 82% and 84%
similarity with the mouse orthologues Lgr4/Lgr5/Lgr6, respectively),
are also found in teleosts as two paralogues (LGR4 and LGR6) and
in invertebrates as one single putative ortholog DLGR2 [4]. Primary
structure analysis and crystallography studies suggest that LGR4/LGR5/
LGR6 share a conserved LRR-NT domain protecting the LRR1 from
solvent exposure [5]. Of interest, their LRR-CT region (also designated
Hinge region), lying between the LRRs and the seven transmembrane
(7TM) domain, contain the YXXXCC and the FXPCE motifs, modules
highly conserved within the glycoprotein hormone receptors and
involved in receptor activation [3,6]. Similarly, the LXFT or NPXXY
motifs in the transmembrane domains TM6 and TM7, recognized as
important for GPCR activity, are also conserved in LGR4/LGR5/LGRS,
indicating that these receptors exhibit several characteristics of classical
GPCRs, and thus might function as such [3] (Figure 1A). The LGRs
were deorphanized in 2011. It was demonstrated that the three LGRs
can redundantly recognize the 4 members of the Rspondin family as
ligands and that this interaction strongly potentiates the Wnt/B-catenin
canonical pathway in vitro [7-9] (Figure 1A). Unexpectedly, ligand
binding does not trigger canonical G protein-dependent activation of
these receptors [7-10]. Thus, LGRs appear as peculiar GPCRs playing a
pivotal role in the regulation of Wnt signaling. The scope of this review
is to summarize the main findings obtained so far about the role of LGR
receptors in vivo and about their potential relation to cancer.
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Lgrs and in vivo functions
LGR4

Tissue expression and in vivo function: LGR4 is the member
of the family whose pattern of expression and function have been
the most extensively studied. This receptor is widely and abundantly
expressed in mouse tissues originating from the three embryonic
layers, in the regions known to contain progenitors and stem cells [11].
In vivo studies have demonstrated that this receptor plays an essential
role during development as Lgr4-deficient embryos display embryonic
and perinatal lethality [12]. Moreover, developmental defects have
been reported for homozygous mice in many organs, including among
others, altered tubulogenesis, impaired branching morphogenesis,
renal hypoplasia, corneal dysgenesis or gallbladder agenesis [13-
25]. In line with expression of Lgr4 in progenitors/stem cells, its
deficiency generally correlates with reduced cell proliferation in tissues
[7,15,19,23,26-29]. Moreover, though premature differentiation has
been reported in Lgr4-deficient embryos [17,21,30], Lgr4 deficiency
has been mainly described to be associated with impaired or retarded
cell differentiation [23,24,28,29,31-33]. Such phenotypes have been
demonstrated to be associated with decreased Wnt signaling in
intestinal, liver and dental epithelia as well as in peritubular myoid cells
in testis [7,23,28,31,34,35]. Accordingly, experiments using GSK3f
inhibitors (LiCl, CHIR99201) or in an Apc™"* background efficiently
restored Wnt activity in the intestine of Lgr4-knockout homozygous
mice ex vivo and in vivo [7,28,34].

Molecular mechanisms associated with LGR4 function: Several
reports have investigated the means by which this receptor regulates
the Wnt pathway, principally in vitro. Wnt signaling must be fine-
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Figure 1. Schematic representation of LGR4/5/6 receptors. A. Structure and function of the LGR receptors. The Leucine-rich repeats (LRR) are represented as rectangles and areas of
Rspondins, RANKL and Norrin binding are highlighted in purple, red and green, respectively. GPCR consensus residues present in the hinge and transmembrane domains are evidenced in
red. B. Snake diagram of the LGR4, LGR5 and LGR6 receptors. Residues associated with somatic mutations are colored : colorectal cancer (yellow), stomach cancer (green), melanoma

(blue), uterine cancer (pink), breast cancer (red) and head and neck cancer (grey).

tuned in stem cells to control the balance between self-renewal and
differentiation. The current model is that Wnt ligand binding to the
coreceptor complex Frizzled-LRP5/6 at the cell membrane induces
LRP5/6 phosphorylation and signalosome formation by local
recruitment of the scaffold protein Dishevelled (Dvl) that inactivates
the P-catenin destruction complex consisting of glycogen synthase
kinase 3, casein kinase I, adenomatosis polyposis coli, axin and an
E3 ubiquitin ligase p-Trcp. This process results in stabilization and
accumulation of intracellular B-catenin pools, which then reach the
nucleus to activate transcription of Wnt/p-catenin target genes [36].
In turn, among these Wnt target genes, the related membrane-bound
E3 ubiquitin ligases Znrf3 and Rfn43 play an essential role to suppress
Wnt/B-catenin signaling. Binding of Znrf3/Rfn43 to the complex
Frizzled-LRP5/6 induces Wnt receptor degradation via ubiquitination
leading to attenuation of Wnt signaling [37,38]. Since Rspondins bind
to Znrf3/Rfn43 with low affinity, it is suggested that the interaction of
Rspondin with LGR4 and Znrf3/Rfn43 enhances the clearance of the
ubiquitin ligase from the cell membrane to potentiate Wnt signaling
[37,39]. Moreover, in presence of Rspondin, LGR4 is stimulated to
interact via its 7TM domain with the IQGAP1/2/3 signaling molecules,
increasing the affinity of IQGAPs for the scaffold protein Dvl in
the Wnt signalosome complex [39]. Accordingly, LGR4 has been
detected in supercomplexes containing the Fzd and Lrp5/6 receptors
[7]. Overall, the Rspondin/LGR4/IQGAPI1 axis enhances Lrp5/6
phosphorylation through local engagement of a MEK kinase, leading
to intracellular B-catenin stabilization and thus potentiation of Wnt/f-
catenin signaling [39]. In addition, in line with in vivo studies showing
that Lgr4 mediates PCP signaling in Xenopus, interaction of Rspondin-
LGR4 with the pivotal protein IQGAP1 can also activate the non-
canonical Wnt signalosome by enhancing focal adhesion assembly and
cell migration [9,39]. Beside the Rspondin ligands, the Norrin protein
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belonging to the bone morphogenic protein antagonist family has also
been described to bind the three LGR paralogues, but only interaction
with LGR4 does stimulate the Wnt/B-catenin pathway (nevertheless
independently of Wnt3a or Rspondins) [40] (Figure 1A). In contrast,
interaction of LGR4 with the RANKL ligand (also known as Tumor
necrosis factor superfamily member 11-Tnfsf11) involves intracellular
Gaq engagement leading to inhibition of RANKL-induced osteoclast
activation and bone loss [41]. This suggests that LGR4 would act as
a decoy receptor for RANKL, a function which can be suppressed
by Rspondinl/Rspondin2 due to competitive partially overlapping
binding of these two ligands to the LGR4 ECD (Figure 1A). Still,
controversy remains regarding potential involvement of the Wnt/B-
catenin in this process [41,42]. Another argument for LGR4 activity
regardless of Wnt/B-catenin stimulation is the reported control of LGR4
in the white-to-brown fat switch in adipose tissues. This involves LGR4
activation and downstream cAMP/PKA/CREB signaling involving
a conserved GPCR 7TM residue (A750) [43]. Of note, the gain-of-
function A750T (c.2248 G>A) variant has been associated with human
central obesity [44]. Similarly, an LGR4-cAMP/PKA axis activation
cascade has been reported by the same group during development in
the eye, fetal liver and adrenal gland [13,27,32]. Although still an open
question, the LGR4 receptor may exert its function on stem/progenitor
cells by means of different cascades depending on the cell type.

LGR5

Tissue expression and in vivo function: LGR5 is described
as a Wnt/B-catenin target gene [45]. Accordingly, its expression is
essentially restricted to adult stem cells in high rate self-renewing
tissues like intestine, stomach, colon and skin [45-47]. In other tissues
such as kidney, its expression, detected during tissue morphogenesis
becomes silenced in adulthood meanwhile LGR5 expression is induced
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in injured pancreas via a Wnt-dependent regenerative process in adults
[48,49]. In the mammary gland, Lgr5-expressing cells are sufficient and
necessary for gland organogenesis [50]. The Lgr5 progeny population
switches from the luminal to the myoepithelial compartments during
postnatal development of this gland [51]. In digits, Lgr5 expression is
detected in the dermis [52]. Of relevance, Lgr5 is detected in cells also
expressing the paralogue receptors Lgr4 and/or Lgr6, thus rendering the
analysis of individual receptor function quite complex [7,28,30,35,53].
In vivo function studies in adults have been hampered by the
neonatal lethality of plain null embryos that present an ankyloglossia
phenotype [54]. Nevertheless, in the intestine, Lgr5 null embryos
exhibit precocious Paneth cell differentiation associated with increased
crypt stem cell- and Wnt target gene markers, in marked contrast
with the low Wnt signaling tone observed in Lgr4 null embryos/mice
[28,29,55]. Similarly, in the embryonic cochlea, Lgr5 deficiency leads to
hair cell overproduction associated with Wnt/p-catenin activity [30].
Consistant with non-redundant activity of these two receptors in some
tissues, rescue of the Lgr5 null-ankyloglossia phenotype was observed
in double knockout Lgr4/Lgr5 mice, allowing their neonatal survival
[28]. Conversely, in skin and kidney where Lgr5 null embryos show a
subtle phenotype as compared to the dominant cognate Lgr4 receptor,
double knockout Lgr4/Lgr5 embryos exhibit a worsened phenotype,
suggesting that these two receptors both contribute to the stem cell
pools in these tissues [28,29]. Similarly, in adult intestine and liver,
conditional ablation of Lgr5 has no overt phenotype but conditional
ablation of both Lgr4 and Lgr5 receptors further aggravates the
phenotype induced by Lgr4 deficiency [7,35]. In sum, in the absence of
additional data on the spectrum of the regulatory cascades they control,
the question of functional redundancy of Lgr4 and Lgr5 in vivo is still open.

Molecular mechanisms associated with LGR5 function: As
compared to its paralogues that are not direct Wnt target genes,
Lgr5 expression is induced by Wnt signaling in a suggested bi-modal
manner [56-58]. Expression of the receptor would occur under a
narrow range of “not too low, not too high” Wnt stimulation, which
may explain in part why the Lgr5 function is still subject to discussion.
The interaction of Lgr5 with Rspondin ligands has been extensively
studied by crystallography on Rspondin/LGR4/LGR5 ectodomain
complexes [5,59,60]. Rspondins are multifunctional proteins made
of several domains. The two Furin domains, organized as Cystein-
knotted B hairpin structures, are the ones involved in LGR binding
[7,9]. The overall contact surface area is 800 A” and involves 2 binding
pockets (one hydrophilic and one hydrophobic) lying within the
extracellular domains LRR3 to LRR9. These regions are shared by the
3 LGRs and specific residues have been demonstrated to be critical
for Wnt activation on cell lines [5]. Analysis of the ternary complex
LGR5/Rspondin/Rnf43 cristals shows that LGR5 does not directly
interact with the E3 ubiquitin ligase Rnf43 [5,60]. On HEK293T cells
overexpressing the LGR5 receptor, evidences have been provided
that Rspondin activates Lgr5 to potentiate Wnt/p-catenin activity by
enhancing its interaction with the Lrp6 and Fzd5 co-receptors [61]. In
turn, such association with LGR5 then accelerates the internalization,
endocytosis and degradation of these receptors resulting in Wnt
desensitization [8,61]. In corneal endothelial cells expressing LGRS,
such acceleration of B-catenin turnover has also been reported upon
Rspondin stimulation [62]. In accordance with these observations,
in colorectal cancer cells expressing high levels of LGR5, Rspondin 2
stimulation via this receptor negatively regulates the Wnt/B-catenin
pathway and suppresses tumor cell growth, suggesting that under these
conditions, the LGR5 receptor would function as a negative regulator
of the Wnt pathway [56,63]. Interestingly, such negative feedback loop
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activity on this pathway has been reported for another Wnt target
gene, the Troy (Tumor necrosis Factor receptor family member 19)
receptor, which can interact with LGR5 at the cell membrane [64]. Of
relevance, LGRS is constitutively internalized, a process that depends
on clathrin and is further stimulated in presence of Rspondin and
Wnhnt ligands [61,65]. Evidences have been provided that the Lgr5
C-terminus region contains phosphorylation sites determining
receptor internalization and intracellular trafficking and impacting
on Wnt/Bcatenin activity[61,65,66]. Altogether, these data indicate
that cell surface expression of the LGR5 receptor represents another
important parameter regulating LGR5 activity on Wnt signaling.
Counter-intuitively, whereas C-terminus deleted-Lgr5 receptors are
stabilized at the cell membrane in vitro enhancing the Wnt/Bcatenin
pathway, their expression in intestinal stem/progenitors is associated
with diminished cell fitness as compared to the intact Lgr5 receptor
in vivo [67]. These data demonstrate a biological role of the Lgr5
intracellular domain on stemness. Another study suggests that the
Hinge region of the LGR5 receptor, located between the LRR repeats
and the 7TM, also regulates Wnt/B-catenin activity as antibodies
directed against this region strongly enhance Topflash activity even in
the absence of Rspondin [60] (Figure 1A). Of interest, a similar Hinge
region in the cognate glycoprotein hormone receptors participates to
an auto-inhibitory activity on GPCR signaling, meanwhile antibodies
targeting this domain induce a conformational change alleviating this
inhibitory state [68]. Together, these observations may be compatible
with a role of LGR5 regulating Wnt activity by means others than the
sole Rspondin interaction via LRRs. Furthermore, additional reports
indicate that Lgr5 can activate other cascades. For example, LGR5 has
been shown to predominantly signal on a noncanonical Wnt pathway
in adrenal gland progenitors leading to inhibition of aldosterone
production [69]. In HEK293T cells, Lgr5 expression, but not that of
Lgr4/Lgr6, can stimulate the G, .-Rho GTPase and NFkB pathways in
absence of the Rspondin ligand [70]. Altogether, these studies evidence
a complex and tightly regulated function of the Lgr5 receptor on stem/
progenitors, involving both the extracellular and the intracellular
domains of the molecule. The exact contribution of each of these
mechanisms to Lgr5 function remains to be investigated.

LGR6

Tissue expression and in vivo function: The third member of the
Lgr family, LGR6, is the less characterized in terms of gene expression
and function. Dynamic expression of Lgr6 has been reported during
cochlear development. First detected in prosensory cells of the middle
and basal turn, Lgr6 expression becomes progressively restricted to
inner pillar and inner border cells before complete disappearance
in adult cochlea [71]. In this tissue, stimulation of Wnt/Bcatenin
activity can induce re-appearance of Lgr6-expressing cells but it does
not directly activate expression of the Lgr6 receptor itself [71]. In the
mammary gland, Lgr6 labels rare populations of basal and luminal
cells, which behave as unipotent progenitors clonally expanding during
puberty and regaining proliferative capacity and generating alveoli
during pregnancy [72]. In adults, Lgré marks cells with long-term
self-renewing capacity in the hair follicle, sebaceous and interfollicular
epidermis compartments in the skin [73-77]. In the lung, it is expressed
by a discrete population of stem/progenitor cells co-expressing the
integrin a6 and the paralogue Lgr5 [78]. In taste buds, Lgr6 marks stem/
progenitor cells in both the anterior and posterior tongue whereas Lgr5-
expressing cells are only detected in the posterior part [53]. In digit tips,
Lgr6 expression is detected in nail stem cells and bone, in a pattern
correlating also with Lgr4 expression [52]. Regarding Lgré function
in vivo, Lgré knockout mice are fertile and absence of the receptor
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in the skin does not impact on cell proliferation, differentiation in
sebaceous glands or even on wound healing and cell migration [76]. In
contrast, although nails develop normally in absence of Lgr6, they fail
to regenerate in some Lgr6-deficient mice after amputation, indicating
a contribution of this receptor during digit tip regeneration [52].

Molecular mechanisms associated with LGR6 function: Similar to
the cognate Lgr4/Lgr5 receptors, in transfected cells ex vivo, Lgré binds
all members of the Rspondin family with high affinity and potentiates
Wnt/B-catenin activity, in a heterotrimeric G protein classes or
B-arrestin-independent manner [7,79]. Nevertheless, the potentiating
effect of Lgr6/Rspondin interaction is weaker as compared to the
paralogues [79]. Two naturally occurring somatic mutants identified
in colorectal cancer (G725C and P928H) were tested in Topflash assays
to address their potential impact on Wnt signaling. They turned out to
stimulate this pathway at levels similar to the wild-type receptor [79].
In contrast, another cancer-associated insGRS insertion led to loss of
Rspondin binding and concomitant reduced Wnt potentiation [79].
This showed that somatic mutations in LGR6 can affect Wnt activity
but the possibility that other pathways are regulated by LGR6 still
remains an open question.

Lgrs and cancer

The LGR receptors mark stem and/or progenitors in adult tissues
and can modulate their self-renewal and/or differentiation ability. As
cancer-initiating cells exhibit many characteristics of stem cells, efforts
have been made in the last decade to address whether these receptors
may also be considered as markers of cancer cells and to investigate
the hypothetical function of LGRs in cancer initiation and progression,
using in particular mouse model studies. In a colorectal cancer model
using a conditional Apc loss-of-function mouse line, specific ablation
of Apc function in Lgr5-expressing (Lgr5") stem cells results in cell
transformation leading to adenoma development along the small and
large intestine [80]. A similar conclusion has been reached with the
Apc™'* line used as a model for human familial adenomatous polyposis
[81]. In addition, overexpression of the Rspondin 3 ligand in the
Lgr4* Lgr5" cells also leads to rapid adenoma and adenocarcinoma
development, associated with expansion of the Lgr4*¥ Lgr5** cells but
alsoofLgr4™¥Lgr5™cells [82]. In mammary glands, oncogenic mutation
in the Lgr6** cells induces expansion of luminal cells generating tumor
development [72]. In a mouse endometrial cancer model, Lgr5 is highly
expressed in the initial stages of tumorigenesis but is downregulated in
fully developed tumors [57]. In a skin carcinogenesis model involving
UV or chemical treatments, Lgr5™ or Lgr6* cells did not appear as
tumor-initiating cells [83,84]. Conversely, in another study, oncogenic
activation of B-catenin in Lgr5- or Lgr6-expressing cells of the skin
lead to tumor development of different kinds [77]. Altogether, mouse
models explored so far have generally recognized cells expressing the
Lgrs as tumor-initiating cells. An overview of current knowledge on
LGRs in human cancer is provided below.

LGRs alterations in cancer

Somatic mutations: Interrogation of the cBioPortal for cancer
genomics database (http://www.cbioportal.org) indicates that
genetic alterations are encountered for the LGR receptors in a large
number of tumor types originating from bladder, breast, colorectal,
esophageal, liver, lung, melanoma, pancreas, prostate, stomach
and uterine tissues (Table 1). These genetic modifications can result
from mutations, deletions, amplifications of multiple alterations. For
example, mutations are often detected in colorectal, melanoma, lung,
stomach or uterine tumors meanwhile amplifications seem to be
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frequent in prostate, pancreas and metastatic breast cancer. Further
analysis of the genetic alterations detected in cancer tissues using the
COSMIC database (http://cancer.sanger.ac.uk) shows that around
60% constitute missense substitutions that localize all along the coding
sequence of LGR4, LGR5 and LGR6 (Figure 1B). With exception of the
two colorectal cancer-associated LGR6 variants (G725C and P928H)
mentioned earlier, the potential impact of such mutations on receptor
activity and thereby on tumor initiation or maintenance still remains
to be investigated but missense mutations may also simply represent
passenger mutations. In addition, nonsense substitutions account for
4-8% of the reported genetic alterations. In particular for the LGR4
receptor, evidence has been provided that the nonsense ¢.376C>T
mutation is associated with increased risk of squamous cell carcinoma
and biliary tract cancer [85]. As the phenotype of human ¢.376C>T
carriers is reminiscent of that exhibited by Lgr4-deficient mice, LGR4
has been proposed as a tumor suppressor gene [85].

Splice variants: One relevant point is the potential differential
function of splice variants on cell activity. Interrogation of the Ensembl
database (http://www.ensembl.org) suggests the existence of 3 variants
for LGR4 and LGR5 and 5 variants for LGR6, one of which is a transcript
with nonsense-mediated decay. Interestingly, on soft-tissue sarcoma
samples, two types of LGR5 transcripts has been detected, one encoding
the full-length protein and one lacking the exon 5 (LGR5 Aex 5) that
encodes part of the LRR4 till the LRR7 extracellular domain, largely
encompassing the Rspondin-binding domain [86]. Low expression
level of the shorter variant was correlated with later age of tumor onset
but with poor prognosis for the disease-associated and recurrence-
free survival, these data leading to propose LGR5 as an independent
prognosis factor for soft-tissue sarcoma patients [86]. Recently, Lgr5
transcripts have been analyzed in intestinal tissue. In addition to the
LGR5 full-length and Aex 5 transcripts, LGR5 variants missing exons
5 to 8 (Aex 5-8) or exon 8 (Aex 8) were detected [87]. The LGR5
full-length and splice variants were differentially expressed during
cell cycle, being associated with cycle arrest and cycle progression,
respectively. Moreover, they were associated with different proliferative
capacity and sensitivity to chemotherapy [87]. In the paralogue LGR4,
a naturally occurring splice variant has been identified in rat ovaries
showing an antagonistic function in vitro on Wnt signaling as well as
in vivo [88]. Whether such kind of LGR4 transcripts are also produced
in cancer cells in variable proportion with respect to the full-length
protein, which may alter its overall function has not been investigated.

Gene fusions: In addition to genetic alterations mentioned earlier,
gene fusions are reported in the COSMIC and Atlas of Genetics
and Cytogenetics in Oncology and Haematology databases (http://
atlasgeneticsoncology.org/). Specifically, LGR4 fusions occur with
CCDC34, NEMF, FGF3, DLGAP1 and TRIM58; LGR5 fusions occur
with KIAA1033, TRHDE, INSR and NUP107, and LGR6 fusions
occur with GPR37L1, PPP1R12B and RABGAPIL. So far, the potential
impact of such alterations on LGRs and/or fusion partner function(s)
is not known.

Indirect deregulation of LGR expression

Deregulation of the LGR expression may not be directly due to
altered LGR sequence. This fact is exemplified by the LGR5 receptor,
frequently overexpressed in cancer cells, and whose increased
expression is most probably a consequence of the initial mutation in
the Wnt signaling pathway; due to Apc loss-of-function or p-catenin
gain-of-function [36]. Similarly, LGR4 expression is aberrantly induced
by auto and/or paracrine IL6/JAK/Stat3 signaling in multiple myeloma
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Table 1. Genetic alteractions associated with LGR4, LGR5 and LGR6 in human cancer.

LGR4 (% genetic alteration) LGRS (% genetic alteration) LGR6 (% genetic alteration)
Tumor type Refe::::f:_::}’;gi;;eved Mutation | Deletion Amplification all\t/le::lt:jl:)l:;s Mutation | Deletion | Amplification all\:;:attll!:)l;s Mutation Deletion | Amplification all:{:'l;:l!:)lzs
Bladder Da(‘;‘:niirrb];ri S‘i‘g?;ﬁic’ 4.00% | 0.00%  0.00% 0.00% | 2.00%  0.00%  0.00% 0.00% not reported
TCGA Nature 2014 0.80% = 0.80% 0.80% 0.00% | 2.40% 0.00%  5.50% 0.00%  1.60% | 0.80% 0.80% 0.00%
BGI, Nat Genet 2013 not reported 1.00% | 0.00% | 0.00% 0.00% | 1.00% @ 0.00% 0.00% 0.00%
MSKCC, EurUrol 2014 not reported not reported 0.90% | 0.00% 0.00% 0.00%
Breast Igr France, 2016 0.00% | 0.90% 3.30% 0.00% | 1.40% | 0.50% |  8.00% 0.00% | 0.00% | 0.00% 6.60% 0.00%
British C";‘(’)“l“f‘a’ Nawre 3 4000 0.00%  13.80% 0.00% | 0.00%  0.00%  6.90% 0.00% | 6.90% | 0.00%  34.50% 0.00%
Broad, Nature 2012 1.00% | 0.00% 0.00% 0.00% not reported not reported
Mfﬁ?gfﬂ;ﬂiﬂ“‘;ﬁgu 0.00% | 0.00% 1.80% 0.00% | 0.00% 0.00% | 2.50% 0.00% | 0.00% | 0.00% | 24.40% 0.00%
Sanger, Nature 2012 4.00% | 0.00% 0.00% 0.00% not reported not reported
TCGA, Provisional 0.40% | 0.10% 0.90% 0.00% | 0.70% | 0.00% | 2.70% 0.00% | 020% | 0.00% | 11.60% 0.10%
Colorectal | DFCI, Cell Reports 2016 2.10% | 0.00% 0.00% 0.00% | 2.10%  0.00% |  0.00% 0.00% | 1.50% @ 0.00% 0.00% 0.00%
Genentech, Nature 2012 | 2.80% | 0.00% 0.00% 0.00% | 5.60% 0.00%  0.00% 0.00% = 1.40% | 0.00% 0.00% 0.00%
MSKCC,Z(O}Tzome Biol not reported not reported 0.70% | 0.00% 0.00% 0.00%
TCGA, Provisional 2.70% | 0.50% 0.00% 0.00% | 0.90% 0.00%  0.00% 0.00% = 0.00% | 0.00% 0.90% 0.00%
Esophageal | Broad, Nat Genet 2013 | 2.10%  0.00% 0.00% 0.00% 0% 0% 0% 0% 2.10% | 0.00% 0.00% 0.00%
adenocarcinoma  TCGA, Provisional 0.50% | 0.00% 2.70% 0.00% | 2.20%  0.00% |  4.30% 0.00% = 2.70% | 0.00% 1.60% 0.00%
Esophageal ICGC, Nature 2014 1.10% | 0.00% 0.00% 0.00% not reported not reported
e nan> | UCLA, Nat Genet 2014 not reported not reported 220% | 0.00% | 0.00% 0.00%
Liver AMC, Hepatology 2014 | 0.40% | 0.00% 0.00% 0.00% | 1.70% | 0.00% |  0.00% 0.00% = 0.40% | 0.00% 0.40% 0.00%
TCGA, Provisional 0.30% | 0.00% 0.30% 0.00% | 0.50%  0.00%  0.50% 0.00% | 1.40% | 0.00% |  10.10% 0.00%
Broad, Cell 2012 3.30% | 0.00% 0.50% 0.00% | 1.60% 0.00%  2.70% 0.00% | 3.30% | 0.00% | 2.70% 0.00%
. denOLc;‘r“ci oma TCGA, Nature 2014 0.40% | 0.00% 1.70% 0.00%  4.80%  0.00% |  3.50% 0.40% | 2.60% | 0.00% 7.40% 0.40%
MSKCC 2015 not reported 2.90% | 0.00% |  0.00% 0.00% = 2.90% | 0.00% 0.00% 0.00%
Pg::c“e‘;g TCGA, Nat Genet 2016 | 2.00% | 0.00% 0.70% 0.00% | 3.30%  020%  2.40% 0.00% | 3.00% | 0.00% 3.10% 0.00%
Lung
squamous TCGA, Nature 2012 1.70% | 0.00% 0.00% 0.00% | 1.70% 0.00% |  1.70% 0.60% = 1.10% | 0.00% 0.00% 0.00%
carcinoma
Melanoma Broad, Cell 2012 3.30% | 0.00% 0.00% 0.00% | 7.40% 0.00%  0.00% 0.00% | 7.40% | 0.00% 0.00% 0.00%
TCGA, Provisional 3.50% | 0.00% 0.00% 0.00% | 5.90% 0.00%  2.10% 0.30% = 6.60% | 0.00% 5.20% 0.00%
Yale, Nat Genet 2012 2.20% | 0.00% 0.00% 0.00% | 5.50% 0.00%  0.00% 0.00% = 5.50% | 0.00% 0.00% 0.00%
Br"a‘ma“"; g Ia;ber’ Nature not reported 4.00% | 0.00% | 0.00% 0.00% not reported
Pancreas QCMG, Nature 2016 not reported 0.30% | 0.00% 0.00% 0.00% 0.50% | 0.00% 0.00% 0.00%
TCGA, Provisional 0.70% | 0.00% 0.70% 0.00% | 0.70%  0.00% |  1.30% 0.00% | 2.00% | 0.00% 2.00% 0.00%
UTSW, Nat Commun 2015 | 0.00% | 0.90% 7.30% 0.00% | 0.90%  1.80% |  3.70% 0.00% | 0.00% & 0.90% 5.50% 0.00%
Johns Ig;pel;‘c“: 2%‘;‘;’ ersity, not reported 10.00% | 0.00% | 0.00% 0.00% not reported
Prostate Broad/Cornell, Cell 2013 0.00% | 0.00% 5.40% 0.00% | 0.00% 1.60%  3.60% 0.00% = 1.80% | 0.00% 0.00% 0.00%
Fred H“ﬁ;‘gsz"(;‘lgkc’ Nat' 6 70%  0.00%  2.90% 0.00% | 3.70%  0.00%  1.50% 0.00% | 0.00%  0.00%  4.40% 0.00%
Michigan, Nature 2012 | 0.00% | 0.00% 1.60% 0.00% | 0.00%  0.00% |  3.30% 0.00% | 0.00% | 0.00% 3.30% 0.00%
Robinson et al., Cell 2015 | 0.00% | 0.00% 2.00% 0.00% | 0.70%  0.00% |  0.00% 0.00% = 1.30% | 0.00% 2.70% 0.00%
TCGA, Provisional 0.20% | 0.00% 0.40% 0.00% | 0.40%  020% |  0.80% 0.00% = 0.40% | 0.40% 0.00% 0.00%
MSKCC, Cancer Cell 2010 not reported 0.00% | 0.00% 1.00% 0.00% not reported
Stomach TCGA, Provisional 3.10% | 0.30% 1.00% 0.00% | 3.10% 030%  2.00% 0.00%  3.80% | 030%  1.80% 0.00%
TMUCIH, PNAS 2015 3.80% | 0.00% 0.00% 0.00% not reported not reported
UHK, Nat Genet 2011 | 13.60% | 0.00% 0.00% 0.00% not reported 450% | 0.00%  0.00% 0.00%
U Tokyo, Nat Genet 2014 not reported 3.30% ‘ 0.00% ‘ 0.00% 0.00% not reported
Pfizer and %IIIZ’ Nat Genet not reported not reported 200% | 0.00%  0.00% 0.00%
Uterine Jm‘;ﬁ{%‘;ﬂﬁ:ﬁ%ﬁ“” 4.50% | 0.00% 0.00% 0.00% not reported 450% | 0.00% | 0.00% 0.00%
carcinosarcoma .
TCGA, Provisional 1.80% | 0.00% 1.80% 0.00% | 5.40% 0.00%  3.60% 0.00% | 3.60% | 0.00% 5.40% 0.00%
Uterine Corpus
Endometrial TCGA, Provisional 3.70% | 0.00% 0.80% 0.00% | 2.10% 0.00%  2.10% 0.00% = 4.10% | 0.00% 3.30% 0.00%
Carcinoma
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cells [89]. In turn, stimulation of the receptor with Rspondin ligands
locally produced by the niche (pre)osteoblasts results in Wnt co-
receptors stabilization at the cell membrane and enhancement of the
Whnt/B-catenin activity; which further sensitizes to auto- and paracrine
Wnhnt ligands [89].

Epigenetics

Expression of the LGRs can also depend on the methylation status
of their promoter region. An initial study reported that high expression
of the Wnt-driven intestinal stem cells marker genes, including the
receptor LGR5, was associated with a favorable prognosis among stage
IT colorectal cancer patients meanwhile LGR5 and other Wnt target
genes became silenced by CpG island methylation during progression
of tumorigenesis [90]. Another report on primary colorectal tumors has
revealed that 40% of them exhibit LGR5 promoter methylation, leading
to loss of receptor expression, a situation not detected in normal colon
[91]. It is similarly suggested that silencing of LGR5 via CpG island
methylation may be involved in disease progression, though in this case
LGR5 methylation is rather proposed as a good prognosis marker [91].
Regarding the LGR6 receptor, its promoter has been reported to be
hypermethylated in approximately 20% of sporadic colorectal cancer
[92]. Interestingly, higher methylation level was detected in early as
compared to advanced stages [92-94]. Together, these studies evidence
that expression of LGR receptors is epigenetically modulated in cancer.

Prognostic value of LGRs

Expression of the LGR4 receptor promotes cancer cell proliferation
in multiple cell types through activation of the Wnt signaling cascade
[95,96]. In cervical carcinoma cells, it correlates with enhanced cell
migration and metastasis [97]. In the case of skin and prostate, LGR4
promotes tumorigenesis by modulating MEK/ERK and Wnt/p—catenin
pathways and the PI3K/Akt cascade, respectively [98,99]. In colorectal
cancer, LGR4 expression is markedly upregulated in moderately and
poorly differentiated cells as well as at the tumor invasive front and in
metastasis and it significantly correlates with nodal spread in gastric cancer
[100-102]. Altogether, studies point LGR4 as a poor-prognosis factor.

Much attention is currently focused on the LGR5 receptor due to
its genuine association with stem cell identity. In ovarian, breast and
lung cancer cells, high expression of LGR5 has been correlated with
advanced stages, poor overall survival and metastasis [103-106]. In
cervical cancer, LGR5 promotes proliferation and tumor formation
through Wnt/f-catenin signaling [107]. LGR5 is reported as a cancer
stem cell marker in gastric cancer, associated with stemness and EMT
signature genes, and being positively correlated with well to moderate
differentiation and nuclear p-catenin expression [108,109]. In line with
these reports, a meta-analysis study on gastric cancer concludes that
LGRS5 overexpression is positively correlated with tumor stage, lymph
node metastasis and poor overall survival [110]. In colorectal cancer,
LGRS5 is overexpressed in adenomas and frequently found in metastatic
tissue, correlating with poor prognosis [103,111-114]. These reports are
in line with two meta-analysis studies on colorectal cancer, in which
LGRS has been proposed as a poor prognosis marker [115,116]. Not yet
explained is the clear controversy between multiple studies regarding
the precise function of LGR5 (activator or negative regulator?) on the
Whnt signaling cascade in cancer cells.

Regarding the paralogue LGR6, few studies are reported. In gastric
cancer, its expression is significantly increased in tumors compared
with corresponding non-neoplastic tissue and associated with local
tumor growth [102]. Moreover, LGR6 expression has positive impact
on patient survival in poorly cohesive-type carcinomas [102].
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Conclusions and future directions

Since their initial discovery as close relatives of the glycoprotein
hormone receptor family, LGR receptors have concentrated
much attention in the stem cell and oncology research fields. The
identification of LGRs, in particular LGR5, as stem-and cancer stem
cell markers and evidences that these receptors can contribute to early
stages of tumor development as well as to later metastatic processes,
this provide rationale for proposing LGRs as interesting candidates for
cancer treatments. One therapeutic approach currently being explored
is to directly target the cancer cell using the LGR5 marker. Antibodies
directed against the N-terminal domain of the LGR5 receptor, eliciting
complement-dependent cytotoxicity or conjugated to a tubulin-
inhibiting cytotoxic drug have been demonstrated to exhibit anti-
tumor efficacy in xenograft models [117,118]. Further research will
need to address how to circumvent the observed interconversion
ability of cells to lose or re-express the LGR5 marker and to prevent
tumor recurrence, knowing that both states sustain tumor-initiation
activity [118-120]. Another approach would be to block the function of
the LGR receptors in cancer cells by developing antibodies against the
LGRs ligands or by producing soluble variants of the LGRs extracellular
domains that would act as LGR antagonists. Moreover, there would
be place for therapeutic strategies based on the design of drugs
interfering with LGRs” downstream signaling cascades (Wnt/Bcatenin
but also the MEK/Rho/ Wnt non-canonical pathways). Nevertheless,
tremendous efforts are still needed in basic research to reach complete
understanding on how LGRs exert their biological effects under
homeostatic conditions as well as in cancer cells. Future studies aimed
at dissecting the respective unique, redundant or opposing activities of
each receptor on cells co-expressing LGRs will be of major relevance
for the development of cancer treatments.
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