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After its discovery as oncogen and morphogen, studies on
Wnt focused initially on its role in animal development.
With the finding that the colorectal tumour suppressor
gene APC is a negative regulator of the Wnt pathway in
(colorectal) cancer, attention gradually shifted to the study
of the role of Wnt signalling in the adult. The first indica-
tion that adult Wnt signalling controls stem cells came
from a Tcf4 knockout experiment: mutant mice failed to
build crypt stem cell compartments. This observation was
followed by similar findings in multiple other tissues.
Recent studies have indicated that Wnt agonists of the
R-spondin family provide potent growth stimuli for crypts
in vivo and in vitro. Independently, Lgr5 was found as an
exquisite marker for these crypt stem cells. The story has
come full circle with the finding that the stem cell marker
Lgr5 constitutes the receptor for R-spondins and occurs in
complex with Frizzled/Lrp.
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Whnt in intestinal crypt homeostasis and
colon cancer

The inner surface epithelium of the intestine undergoes
constant homeostatic renewal as it endures continuous
mechanical and chemical stress. With its self-renewal cycle
of 4-5 days, it is the fastest proliferating tissue in adult
animals (Cheng and Leblond, 1974a). The epithelium of the
small intestine is folded into large numbers of villi that
protrude into the lumen, thus maximizing the surface to
allow nutrient uptake (Figure 1A, B). The crypts of
Lieberkiihn, where active proliferation takes place, are in-
vaginations that are located at the base of the villi into the
underlying connective tissue (Figure 1C). The colon is simi-
larly folded into crypts, but has a flat surface epithelium
rather than carrying villi. Stem cells reside at crypt bottoms in
both parts of the bowel; transit-amplifying (TA) cells make up
the remainder of the crypts (Figure 1D). TA cells rapidly
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divide 4 to 5 times before differentiation upon crossing
the crypt-villus junction (Marshman et al, 2002). This
organization allows proliferating stem cells to literally push
their progeny up the crypt-villus axis in a conveyor-belt-like
fashion. When differentiated cells ultimately reach the tip of
the villus they undergo apoptosis and are lost into the lumen.
The proliferation and the acquisition of particular cell fates is
coordinated by a small number of highly evolutionarily
conserved signalling pathways, including the Wnt/B-catenin
and the Notch signalling pathways.

The molecular workings of the Wnt pathway are discussed
elsewhere in this issue (Nusse and Varmus, 2012). The key
event that is activated by Wnt signals is the stabilization of -
catenin and the subsequent formation of nuclear B-catenin/Tcf
complexes that can drive expression of Wnt target genes.
Mutations in cancer mimick these events (Nusse and
Varmus, 1982). Loss of function of the tumour suppressors
APC or Axin2 lead to accumulation of nuclear B-catenin and
induces the formation of intestinal adenomas (Rubinfeld et al,
1993; Su et al, 1993; Korinek et al, 1997; Liu et al, 2000).
Oncogenic point mutations in P-catenin that prevent its
degradation have similar outcomes (Morin et al, 1997;
Polakis, 1999). Tcf4/Tcf712, the fourth Tef family member to
be cloned (Korinek et al, 1998b), mediates Wnt signalling in
normal and malignant intestinal cells (Korinek et al, 1997).
Deletion of the Tcf4 transcription factor blocks the
development of the intestinal crypts (Korinek et al, 1998a),
while abrogation in adult animals by expression of the Wnt
inhibitor Dickkopf-1 (DKK1; Pinto et al, 2003; Kuhnert et al,
2004) or by deletion of the genes encoding B-catenin (Fevr
et al, 2007) or Tcfd (van Es et al, 2012) stops crypt proliferation
completely.

Self-renewal and cancer of the gut thus appear to represent
two sides of the same coin. When micro-arraying first became
available, we exploited this paradigm by determining the Wnt-
driven genetic programme that is activated inappropriately in
APC-mutant human colon cancer cells (van de Wetering et al,
2002). This programme consists of a core of about 80 genes
(Van der Flier et al, 2007). Histological expression studies for
each of the 80 Wnt target genes revealed that they were
invariably expressed in crypts. However, while most Tcf4
target genes were expressed by the TA cells, a handful were
specifically expressed by postmitotic Paneth cells at crypt
bottoms (Van der Flier et al, 2007). One of the Tcf4 target
genes, Lgr5/Gpr49, was expressed in a unique fashion: it
appeared to be specifically active in small, cycling cells that
are interspersed between the Paneth cells. These so-called
‘crypt base columnar’ (CBC) cells were identified originally
by Leblond and colleagues by electron microscopy more than
35 years ago (Cheng and Leblond, 1974b), when they were
postulated to represent the intestinal stem cells. Since then,
these cells were all but forgotten.
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Figure 1 Structure of the intestinal epithelium. (A) The inner surface epithelium of the small intestine is folded into large numbers of villi.
(B, C) In-between the villi are the crypts of lieberkiihn. (D) Electron microscopy image of an intestinal crypt with slender crypt base columnar
(CBC) cells residing in-between granulated Paneth cells (P). Reproduced with the kind permission of Prof Dr Wim A Buurman (Maastricht
University). (E) Schematic representation of a single small intestinal crypt for reference.

Lineage tracing of Lgr5 stem cells in the
intestine

To further document the highly specific expression pattern of
Lgr5, a knock-in genetic model was generated by insertion of
a LacZ reading frame into the Lgr5 locus. This allele allowed
the visualization of rare scattered Lgr5+ cells a.o. in the eye,
brain, hair follicle, mammary gland, reproductive organs,
stomach and intestinal tract (Barker et al, 2007). A second
Lgr5 allele was then engineered to drive expression of GFP and
CreERT2 in the CBC cells. While the GFP was useful in
verifying the expression pattern of Lgr5, lineage tracing using
the inducible CreERT2 protein provided crucial evidence for
CBC stemness. The Lgr5 knock-in allele was crossed into a
reporter mouse that carries a LacZ expression cassette inserted
into the ubiquitously expressed Rosa26 locus (Soriano, 1999).
This would allow ubiquitous LacZ expression, if not for the
presence of a transcriptional roadblock inserted in front of the
LacZ reading frame. This roadblock is flanked by loxp sites,
thus allowing removal by the Cre enzyme. Once the roadblock
is removed, the LacZ enzyme is expressed in a given CBC cell,
but also in all progeny that this cell might generate afterwards.
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One day after Cre induction, only single Lgr5 + cells at the very
bottom of the crypt expressed Rosa26-LacZ. Analysis at
different time points after induction revealed rapid
multiplication of the CBCs and their progeny. Within 5 days,
marked ‘Tibbons’ spanning the entire crypt-villus axis were
formed (Barker et al, 2007). Morphological and marker
expression studies revealed that all differentiated cell types in
the intestinal epithelium originated from Lgr5+ CBC cells,
that is, enterocytes, paneth cells, goblet cells, enteroendocrine
cells, tuft cells (Gerbe et al, 2011) and M-cells (Figure 2).
Lineage tracing persisted over the lifetime of the animal,
thus demonstrating that Lgr5+ stem cells are long-lived and
multipotent.

Classically, stem cells are most often defined as being
multipotent, long-lived, slow cycling/quiescent and asymme-
trically dividing. While Lgr5 + cells are long-lived and multi-
potent, they divide once every 24h (Barker et al, 2007;
Schepers et al, 2011). Additionally, Schepers et al (2011)
observed that stem cells do not segregate their DNA
asymmetrically (Escobar et al, 2011). In order to achieve
homeostasis, how is the balance between stem cell self-
renewal and differentiation regulated?
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Figure 2 Stem cell compartment of the small intestine and its cell
types. Lgr5 " CBC stem cells reside in the bottom of the crypt and
push their progeny up the villus.

The intestinal niche

Paneth cells, producers of a variety of bactericidal products
(Wilson et al, 1999; Ayabe et al, 2000; Salzman et al, 2010),
are intermingled with the Lgr5 stem cells (Figure 1D). Sato
and colleagues investigated if these cells represent the niche
cells for the Lgr5 stem cells (Sato et al, 2011b). Several lines of
evidence indicate that Paneth cells serve as the stem cell
niche. Ablation of Paneth cells by mutation of Gfil (Shroyer
et al, 2005), transgenic expression of diphtheria toxin A under
the Paneth-cell-specific cryptdin 2 promoter (Garabedian
et al, 1997) or by conditional deletion of Sox9 (Bastide
et al, 2007; Mori-Akiyama et al, 2007) induced a severe
reduction in stem cell numbers and proliferation. Low
numbers of residual Paneth cells were observed in all three
approaches. In vitro culture of Lgr5 stem cells confirmed their
dependence on adjacent Paneth cells (Sato et al, 2011b).
Which niche signals are provided by Paneth -cells?
Microarraying revealed expression of Wnt3, Egf and Tgfa,
and of the Notch ligands DIlI1 and DIl4. Genetic removal of
Wnt3 has no effect in vivo, but abruptly blocks the Lgr5 stem
cells in in vitro organoid culture. Thus, extraepithelial sources
of Wnt contribute to the maintenance of Lgr5 stem cells.
Given that Notch receptors and Delta ligands are membrane-
bound, it would appear that only the neighbouring Paneth
cells can maintain active Notch signalling in Lgr5 stem cells.
Inhibition of Notch signalling activates expression of Math1/
ATOHI1 in progenitor cells, which drives the cells into the
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secretory lineage and inhibits proliferation (van Es et al,
2005; Riccio et al, 2008). This effect is also seen in Lgr5
stem cells (van Es et al, 2010; Pellegrinet et al, 2011). In a
recent study, Kim et al (2012) used conditional deletion of the
Notch-repressed target gene Mathl/ATOHI to completely
eliminate Paneth cells. Unexpectedly, they observed that
stem cells normally proliferated in these Paneth-less mice,
yet exclusively generated cells of the enterocyte lineage (Kim
et al, 2012). We propose that—by removing the pivotal
differentiation factor Math1—Kim et al removed their depen-
dence on Notch signals, which in effect renders Mathl-
mutant Lgr5 stem cells independent of the neighbouring
Paneth cells. Similarly, mice that have a constitutively acti-
vated Kras allele lack Paneth cells, but retain stem cells. The
Kras activation also activates expression of the transcrip-
tional repressor Hes1, which in turn prohibits Math1 expres-
sion and Paneth cell differentiation (Feng et al, 2011). So,
while Paneth cells do not supply all the stimuli needed for
stem cells to survive, they are certainly crucial in providing
many niche signals, permitting stemness at the bottom of the
crypt.

The niche as a permissive zone for stemness allows for a
simple model of homeostatic self-renewal in the crypt.
Symmetrically dividing stem cells continuously fill the lim-
ited niche space, while stem cells that are ‘evicted” populate
the TA compartment to ultimately give rise to the individual
lineages of the intestinal epithelium. Snippert et al (2010b)
used multicolour lineage tracing to demonstrate this principle
in the crypts of the small intestine. Examination of the
dynamics of this process led to the notion that intestinal
stem cells divide symmetrically such that every stem cell
division gives rise to two equipotent daughters. These
daughters can remain as stem cells or can become TA cells,
depending on their location relative to the Paneth cell niche.
This model of ‘neutral competition’ (that is, stem cells
compete, but have equal chances to win) implies that
longevity is an attribute of the stem cell population, but not
of individual stem cells. The stem cell population size results
directly from the size of the niche. Thus, the exact control of
Paneth cell numbers at crypt bottoms is the central driver of
homeostatic self-renewal.

Intestinal organoids

The generation of Lgr5-GFP mice has allowed purification of
Lgr5 stem cells from the small intestine by fluorescence
activated cell sorting (FACS). Isolated cells can be grown in
a 3D culture system using Matrigel and Egf, Noggin and R
spondin 1 (Rspol) (Sato et al, 2009; Figure 3). R-spondins
were known enhancers of low-dose Wnt signals (Kazanskaya
et al, 2004). In vivo, Rspol strongly stimulates crypt
proliferation (Kim et al, 2005). Cultured cells multiply
indefinitely and form spheres with a central lumen and
protruding buds, collectively called ‘miniguts’ or
‘organoids’. The central lumen of these organoids
corresponds to the intestinal lumen with the surrounding
epithelial cells tightly packed, properly polarized and fully
differentiated. Differentiated cells ultimately apoptose and
are shed into the lumen of the organoid. The protruding
buds constitute crypt-like domains with Lgr5+ stem cells at
the bottom interspersed with Lysozyme-positive, granulated
Paneth cells. Rapidly dividing TA cells fill the remainder of
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Figure 3 Cultured Lgr5* stem cells form organoids. (A) Schematic
representation of an organoid with the lumen corresponding to the
intestinal lumen. (B) Organoid expressing GFP under the Lgr5
promoter.

these crypt-like structures. Complete organoids with a gut-
like architecture and containing all epithelial cell types can be
grown from a single Lgr5 stem cell. Establishment of culture
conditions for colonic organoids allowed Yui et al (2012) to
expand a single isolated colon Lgr5-GFP+ stem cell
(additionally labelled with RFP) into millions of offspring,
allowing engraftment into superficially damaged recipient
colons of immunocompromised (ragZ’/ ) mice. Control
animals lost weight due to the dextran sulphate sodium-
induced colitis. Transplanted mice, however, displayed
reduced weight loss. Closer examination showed successful
engraftment of RFP-positive cultured cells. Grafted cells
contributed to the epithelium, restored barrier function and
harboured all differentiated cell types of the colon epithelium.
Follow-up studies showed that—even at 25 weeks after
transplantation—the grafts still contributed to the epithelium
and showed no signs of adenomatous or dysplastic change.

This technology of ex vivo stem cell expansion may be
clinically applied for regenerative medicine. Jung et al (2011)
were able to enrich colonic stem cells from human biopsies
using Ephrin type-B receptor 2 as a marker for stem cells.
These cells could be cultured into spheroid structures for up
to 3 months under modified culture conditions. Human
colonic cultures require nicotinamide, prostaglandin E2 and
Wnt3a in addition to the murine small intestinal culture
conditions. The spheroid cultures largely consist of
undifferentiated cells, however, and removal of Wnt3a and
PGE2 as well as blocking the Notch pathway with a
v-secretase inhibitor is necessary to achieve differentiation.
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Further optimization of human colon culture conditions
involved the addition of gastrin, an Alk4/5/7 inhibitor
(A83-01) and a p38 inhibitor (SB202190) to the cultures in
order to obtain budding organoids similar to those of murine
origin (Sato et al, 2011a). Differentiation, however, still
requires removal of nicotinamide, the inhibitors and Wnt as
well as blocking Notch signalling.

Crypt base columnar stem cells are the cells
of origin of intestinal cancer

The potential of the intestinal stem cells to generate large
amounts of epithelium from a single cell begs the question if
these cells lose their tight control on division rate, and
transform into tumour cells. The role of the Wnt pathway
and its inhibitor APC in intestinal cancer has been well
documented (Korinek et al, 1997; Morin et al, 1997). Barker
et al (2009) used the Lgr5 knock-in allele to delete the APC
tumour suppressor in stem cells and observed rapid
transformation. The transformed cells remained at the
bottom of the crypts and gave rise to microadenomas with
high levels of nuclear B-catenin. Within 3 to 5 weeks, these
developed into macroscopic adenomas throughout the small
intestine and colon. Deletion of APC in non-stem cells using a
cytochrome p450-driven Cre enzyme induced with a limiting
dose of B-naphtoflavone provided an essential control. Villus
cells that were transformed by this regimen continued to
travel upwards and died off within 4 to 5 days. Crypt cells
that were hit by pB-naphtoflavone also transformed, but
persisted longer and were able to form microadenomas as
well. These microadenoms rarely developed into
macroscopic adenomas, however, and [-naphtoflavone-
induced animals were followed for more than 9 months
without significant progression. Similar results were
reported using another CBC-specific Cre driver, Cd133-
CreERT2 (Zhu et al, 2009).

Wnhnt signalling in stomach stem cells

More rostrally in the gastrointestinal tract, Lgr5 marks stem
cells in the pyloric region of the stomach. These cells reside at
the bottoms of the epithelial glands. The gland, the regen-
erative unit of this tissue, is divided into three subcompart-
ments: pit, isthmus and gland from top to bottom (Figure 4a).
Lgr5 stomach stem cells residing at the gland bottom push
their progeny upwards and into differentiation. Lineage tra-
cing revealed that all differentiated stomach epithelial cell
types originate from these Lgr5+ cells (Barker et al, 2010).
As said, Lgr5-expressing cells only occur in the pylorus, the
most distal segment of the stomach, at the junction with the
duodenum. During the first weeks after birth, the stomach
undergoes a process of morphogenetic rearrangement,
maturing into a fully functional organ. When lineage
tracing was initiated in neonates, cells from all parts of
the stomach epithelium were found to originate from
Lgr5-expressing cells. Over the first 4 postnatal weeks, Lgr5
expression gradually disappeared in the corpus of the
stomach. Much like the situation in the intestine, Apc
deletion (induced using Lgr5-CreERT2) resulted in the
formation of Wnt pathway-driven stomach adenomas. Of
note, the Lgr5+ cells from the pylorus can be isolated and
cultured to form ever-expanding gastric organoids in vitro
(Barker et al, 2010). In addition to the small intestinal culture
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Figure 4 Stomach and hair follicle. (A) The gastric glands of the
stomach are subdivided in the pit, isthmus and gland. Lgr5* cells
reside at the bottom and regenerate the epithelium. (B) Multiple stem
cell populations are responsible for homeostasis of the adult skin.

conditions, these cells require Wnt3a and FGF10 to grow and
form spheroid cultures with protruding buds. For the
differentiated lineages to appear, Wnt3a must be removed
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from the culture conditions. So far, no human gastric
organoid cultures have been reported.

Whnt signalling in the hair follicle

The skin is the largest organ in the mammalian body, allow-
ing interaction with and providing protection from the sur-
rounding world. The interfollicular epidermis and sebaceous
gland constantly self-renew, while the hair follicles undergo
cyclic changes of growth, involution and resting phases.
Mouse hair follicle stem cells are thought to reside in
the hair follicle bulge (Cotsarelis et al, 1990) and are
characterized by expression of the CD34 cell-surface marker
(Trempus et al, 2003), expression of cytokeratin 15 (Morris
et al, 2004) and retention of either DNA or histone-labels over
long periods (Cotsarelis et al, 1990; Tumbar et al, 2004).
Keratinocytes with stem cell properties have also been
isolated from other areas of the hair follicle (Ito et al, 2004;
Tumbar et al, 2004; Figure 4B).

Wnt signalling provides one of the mitogenic stimuli that
are necessary for hair growth (Gat et al, 1998; Niemann et al,
2003; Nguyen et al, 2009) and wound healing (Okuse et al,
2005; Cheon et al, 2006; Fathke et al, 2006). B-Catenin stabili-
zing mutations cause pilomatricomas and trichofolliculomas
(Chan et al, 1999). Keratin 14 (K14) promoter-driven
transgenic expression of stabilized B-catenin induces
de novo hair growth and the formation of extra skin (Gat
et al, 1998). Transient B-catenin stabilization in adult animals
induced lesions, but only continuous B-catenin accumulation
was sufficient to maintain hair follicle tumours (Celso et al,
2006). Conversely, removal of B-catenin in K14-expressing
cells rescued chemically induced papillomas (Malanchi et al,
2008) and injection of the soluble Wnt inhibitor DKK1 into
the hypodermis of mice prematurely induced the involution
phase (catagen) and shortened hair follicles (Kwack et al,
2012). In tumours of the sebaceous gland, inactivating
mutations of the Tcf family member LEF1 were found
(Takeda et al, 2006), and indeed transgenic expression of
an N-terminally truncated form of Lefl (ANLefl)—which is
no longer able to transactivate with f-catenin, but still
occupies DNA—induced sebaceous tumours (Niemann
et al, 2002; Niemann et al, 2007). The counter-intuitive
tumour activating effect of ANLefl is explained by the lack
of Wnt-driven ARF activation and the resulting absence of the
p53 tumour suppressor protein, rendering cells more
sensitive to transforming mutations. Complete removal of
two other members of the Tcf/Lef family, Tcf3 and Tcf4, in
K14-expressing cells resulted in reduced thickness of the skin
and reduced hair growth (Nguyen et al, 2009).

Given that Wnt signalling is implied in hair follicle stem
cell biology, it came as no surprise that active stem cells in
the bulge express Lgr5. Indeed, at different stages of the hair
cycle, Lgr5 expression was observed in several distinct loca-
tions in the hair follicle. During the growth phase (anagen),
Jaks et al (2008) detect Lgr5 expression in cells of the outer
root sheath. They also observed expression in cells, which
link the mesenchymal component of the hair follicle (the
dermal papilla) with the bulge area when hair follicles are in
the destructive (catagen) phase and cells of the bulge region
during the resting phase (telogen). These bulge cells initiate
rapid cycling at the initiation of the hair growth phase. By
lineage tracing, Lgr5 + cells generated all lineages of the hair
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follicle. FACS profiling of these Lgr5 + cells showed that 80%
also expresses the previously identified stem cell marker
CD34, yet they only constitute part of the total CD34 +
population. Sorted Lgr5+ cells could be transplanted to
form a complete new hair follicle in recipient nude mice,
where they outperformed the mixed CD34 + population.

Lgr6 expression in the skin

Lgr6 is a close relative of Lgr5 and—Ilike Lgr5—is expressed
in rare cells in multiple organs. Snippert et al (2010a)
identified a population of Lgr6-expressing cells in the hair
follicle (Figure 4b). Using Lgr6-LacZ and Lgr6-GFP-IRES-
CreERT2 alleles, Lgr6 expression was detected in the isthmus
part of the hair follicle. Expression profiling after FACS
revealed this population of cells to be distinct from the
Lgr5-marked one. Lineage tracing initiated in animals indi-
cated that Lgr6 progeny contributes to the sebaceous gland,
interfollicular epidermis as well as the hair, particularly when
lineage tracing was started at embryonic stage 17.5. Like
Lgr5+ cells, transplanted Lgr6 + cells could generate entire,
new hair follicles. When lineage tracing was initiated prior to
wound formation, Lgr6 cells were able to contribute to the
newly generated epidermis over long periods of time, as well
as to newly formed hair follicles.

Common traits of Lgr-marked stem cells

The tissues where Lgr5 and -6 have thus far been identified as
markers of constitutively active stem cells share key char-
acteristics. They are all rapidly proliferating epithelia, in
which the niche allows unidirectional displacement of daugh-
ter cells. They are known to be dependent on Wnt signals (of
note, Lgr5 is a Wnt target gene). And tumours arising from
the pertinent tissues are often driven by mutationally acti-
vated Wnt signals. However, Lgr5 expression is not restricted
to the stem cells in the stomach, small intestine, colon and
hair follicle, but also marks cells a.o. in the mammary gland,
brain and—upon damage—in the pancreas and liver (Barker
et al, 2007). The role of these cells is the subject of ongoing
research. The highly specific expression of the Lgr family
members in stem cells allows for identification and
characterization of these cells, but also begs the question if
they play an important function in stem cells. What are these
leucine-rich receptors and what do they do?

Structure of the Lgr4, Lgr5 and Lgr6
receptors

In 1998, Hsueh and colleagues cloned two molecules that
were related to the hormone receptors for thyroid-stimulating
hormone (TSH), follicle-stimulating hormone (FSH) and leu-
tinizing hormone (LH) (Hsu et al, 1998). These hormone
receptors belong to the large, G-protein-coupled,
7-transmembrane (7TM) family of proteins. They are
unique in that they have a large N-terminal extracellular
(ecto-) domain that contains a series of leucine-rich repeats.
In the LH, FSH and TSH receptor molecules, the ectodomain
is crucial for binding of the glycoprotein hormones. The two
novel G-protein-coupled receptors were termed leucine-rich
repeat containing, G-protein—-coupled receptors 4 and 5 (Lgr4
and Lgr5). In 2000, the same investigators identified a third
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member of this subfamily, Lgr6 (Hsu et al, 2000). These three
receptors are of ancient evolutionary origin, as homologous
proteins are found in invertebrates including sea anemone
(Nothacker and Grimmelikhuijzen, 1993), mollusk (Herpin
et al, 2004; Tensen et al, 1994), the nematode Caenorhabditis
elegans (Kudo et al, 2000) and Drosophila melanogaster
(Hauser et al, 1997; Nishi et al, 2000). The ectodomains of
Lgr4, Lgr5 and Lgr6 consist of a central array of multiple
leucine-rich repeats (18 in Lgr4 and Lgr5, and 13 in Lgr6) that
are flanked by N- and C-terminal cysteine-rich sequences. In
comparison, only nine leucine-rich repeats are found in the
glycoprotein hormone receptors. The leucine-rich repeats of
Lgr4, Lgr5 and Lgr6 each consist of 24 amino acids and show
similarity to repeats found in functionally unrelated proteins
such as slit, decorin, and Toll (Barker and Clevers, 2010). The
junctions between the ectodomain and the first
transmembrane region, as well as the rhodopsin-like 7TM
domains, are highly conserved between Lgr4, Lgr5 and Lgr6.
In the glycoprotein hormone receptors, ligand-induced
recognition and activation steps are performed by separate
domains of the proteins. Binding of the cognate hormones
involves the leucine-rich N-terminal ectodomain, which
induces a conformational change in the receptor that allows
the ectodomain to activate the rhodopsin-like 7TM region of
the receptor.

Function of Lgrs

Lgr4 mutation has pleiotropic effects

A gene-trap screen identified a mouse in which the Lgr4 gene
was disrupted by insertion of a galactosidase LacZ fusion
protein and placental alkaline phosphatase. This allowed Van
Schoore et al (2005) to accurately evaluate the expression
pattern of Lgr4. A broad expression pattern was noted, with
particularly strong activity in cartilage, heart, hair follicles,
kidneys, reproductive tracts and the nervous system cells.
Thus, Lgrd is expressed broadly within proliferative
compartments, but definitely is not restricted to rare stem
cells within such compartments. Using a different model with
B-galactosidase inserted in the Lgr4 locus, Mazerbourg et al
(2004) observed that only 40% of Lgr4-null mice were born.
Most of these died within the first 2 days after birth,
displaying a pleiotropic phenotype (Mazerbourg et al,
2004). All Lgr4-null embryos displayed intrauterine growth
retardation. After crossing this allele into a CD1 background,
Mendive et al (2006) reported that homozygous mice
survived to adulthood. Lgr4-knockout male mice were
infertile, tube elongation did not occur in the male
reproductive tract. The investigators concluded that these
reproductive tract defects resulted from a loss of Lgr4
regulation of c-AMP-dependent oestrogen receptor activity
(Li et al, 2010). Song et al (2008) described the severe effects
on the anterior segment structure of the eye, which included
microphthalmia and cataracts (Weng et al, 2008). Lgr4
mutant embryos of this strain displayed abnormal definitive
erythropoiesis and delayed osteoblast differentiation and
mineralization (Luo et al, 2009).

An Lgr4 hypomorph was generated by Hoshii et al (2007).
The homozygous mutant mice expressed 10% of normal
levels of Lgr4 messenger RNA and 60% survived to
adulthood. The male mice were also infertile, displaying
morphological abnormalities similar to those of the
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Lgr4-knockout mice. Hypomorphic embryos developed a
normal gall bladder bud, but it did not undergo elongation
beyond midgestation. These mice did not develop a gall
bladder or cystic duct, although there were no discernable
effects on liver or pancreas development (Yamashita et al,
2009).

Kato et al (2006) generated mice with a conditional
knockout allele that facilitated inducible deletion of the
exon encoding the 7TM domain of Lgr4. Embryonic
deletion of this exon using mice expressing Cre in all
tissues resulted in embryonic/perinatal lethality. Neonatal
Lgr4-null mice displayed renal hypoplasia. Jin et al (2008)
(Kato et al, 2007) observed that mutant pups were born with
opened eyes, an abnormality that might result from a defect
in motility of keratinocytes in the skin. They confirmed this
eye-open phenotype by conditional deletion of Lgr4 in the
skin. These Lgr4 KO mice survived to adulthood, with sparse
head hair and focal alopecia behind their ears. Lgr4™" mice
showed similar abnormalities in hair follicles (Mohri et al,
2008).

Taken together, Lgr4 appears to be involved in the devel-
opment of a wide variety of embryonic tissues. However, very
little was known about its function in adult animals or the
pathway by which Lgr4 was able to influence this wide
variety of developmental processes.

Lgr5 and -6

Not much was known about mammalian Lgr5 before 2007.
Lgr5/Gpr49 is a Wnt target gene as well as a cancer gene; it
was on the original list of Wnt/Tcf4 targets active in color-
ectal cancers (van de Wetering et al, 2002) and is
overexpressed in tumours of the ovary and liver, likely
because of mutational activation of the Wnt pathway in
these tumours (Yamamoto et al, 2003; McClanahan et al,
2006; Zucman-Rossi et al, 2007). Additionally, Lgr5
expression was observed in basal cell carcinomas (Tanese
et al, 2008) and in healthy cyclic endometrium (Krusche et al,
2007). The phenotype of a mouse mutant for Lgr5 was
published by Morita et al (2004). This strain harbours a
lacZ reporter gene just N-terminal to the region of Lgr5 that
encodes the first transmembrane domain, essentially creating
a null allele (Morita et al, 2004). Homozygous disruption of
Lgr5 resulted in neonatal lethality, characterized by ingestion
of air at birth, in gastrointestinal tract dilation and the
absence of milk from the stomach. Macroscopic and
histological examination revealed fusion of the tongue to
the floor of the oral cavity in newborns, a condition called
ankyloglossia. Lgr5 was found to be expressed in the
epithelium of the tongue and in the mandible of wild-type
embryos. The observed phenotype indicated that Lgr5 is an
essential gene, yet the lethal neonatal phenotype precluded
the study of the role of Lgr5 in adult tissues. Garcia et al
(2009) observed that the same Lgr5-null strain also had
accelerated maturation of Paneth cells in the developing
intestine. They proposed a role for Lgr5 in negatively
regulating Wnt signalling during neonatal development of
the intestine.

In a study from de Lau et al (2011) compound mutant mice
were described conditionally deleting either Lgr4, 5 or both
Lgrs in the intestinal epithelium. Deletion of Lgr5 in adult
animals revealed no phenotype, while deletion of Lgr4
reduced the proliferation in intestinal crypts and led to
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crypts being disconnected from the epithelium, leaving the
long-lived paneth cells in isolated nests. The combined
removal of Lgr4 and 5 aggravated this phenotype, severely
disrupting crypts and halting villus repopulation, which
eventually led to the death of the animal. Finally,
homozygous mutant Lgr6 mice have no apparent
phenotype (Snippert et al, 2010a).

Until recently, Lgr4/5/6 were designated orphan receptors
in the absence of a known ligand. In 2011, three groups
reported in separate studies that R-spondins are the ligands
for the stem-cell-specific Lgrs (below).

R-spondins

R(oof plate-specific) spondin 1 was initially observed to be
expressed in the neural tube at the boundary between the
roof plate and the neuroepithelium 10 and 12 dpc (Kamata
et al, 2004). Later, three more R-spondins were identified
(Chen et al, 2002; Kazanskaya et al, 2004; Kim et al, 2006).
Homologues of the R-spondins are found in all vertebrates,
but not in invertebrates such as D. melanogaster or C. elegans
(de Lau et al, 2012). These excreted proteins are characterized
by two Furin-like cysteine-rich repeats near the N terminus of
the mature protein, a Thrombospondin type I repeat in the
centre of the protein, and a positively charged C-terminal
region. The Furin-like repeats are also found in growth factor
receptors like the EGF, insulin, hepatocite growth factor and
neurotrophic factor receptors. The thrombospondin domain is
in turn implicated in glycosaminoglycan/proteoglycan
binding. Indeed, Ohkawara et al (2011) recently observed
Rspo3 binding to the transmembrane proteoglycan Syndecan
4 in Xenopus embryos, activating non-canonical Wnt
signalling through endocytosis of Syndecan 4.

R-spondins are able to synergize with the Wnt pathway,
enhancing Wnt signalling only in the presence of canonical
Wnt ligands (Kazanskaya et al, 2004; Kim et al, 2008; Li et al,
2009). As such, their effect can be blocked by the
extracellular Wnt receptor inhibitor DKK1 (Kazanskaya
et al, 2004). The ability to potentiate Wnt signalling
suggested that R-spondins may be pivotal during many of
the Wnt-dependent stages of development.

R-spondin 1

In human the sex of an embryo depends on the presence or
absence of a Y chromosome. Genetic males (XY) form testes
that in turn produce steroid hormones that drive phenotypic
sex determination. However, if the testes do not form prop-
erly and these hormones are lacking, default female devel-
opment occurs. This is called XY sex conversion. The
opposite, XX sex conversion, is rare and usually caused by
translocation of the Y-chromosomal SRY gene (that is respon-
sible for male development) to an X chromosome (Koopman
et al, 1991). In some cases, XX sex conversion can have
another cause: Dax1 Foxl2 and Wnt4 have been implicated in
(the lack of) female gonad development (Brennan and Capel,
2004; Ross and Capel, 2005; Yao, 2005; Wilhelm and Koopman,
2006). Through studying two Italian consanguineous families
Parma et al (2006) identified disruption of the Rspol gene in
sex-converted individuals. Careful expression analysis then
revealed Rspol to be specifically activated in the female
gonads starting at E12.5 in mouse embryos. In situ
hybridization further revealed Rspol expression in the
developing kidney, dermis and later in the adult dermal
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papilla of the hair in addition to the previously observed Rspol
expression in the roof plate and various parts of the developing
brain. Analysis of Rspol ~/~ mice confirmed the sex reversal
phenotype (Tomizuka et al, 2008), which is also observed in
Wnt4~/~ animals (Vainio et al, 1999). In conclusion,
activation of Wnt signalling through Wnt4/Rspol appears to
be necessary for proper ovary development.

In a separate study Kim et al (2005) used a knock-in
approach that allows B-cell restricted transgene expression
under control of an immunoglobulin-k promoter to
ectopically express Rspol in mice. They observed a massive
enlargement of the gastrointestinal tract, in particular of the
small intestine and colon. Rspol induced hyperproliferation
in these compartments, leading to a doubling in diameter and
weight of the small intestine and a 25% increase in length of
the colon of these animals. Hyperproliferating cells were
observed in enlarged crypts that also exhibited increased
nuclear B-catenin levels.

R-spondin 2

During limb development, two key structures, the apical
ectodermal ridge (AER) and the zone of polarizing activity,
control proximal-distal outgrowth and anterior-posterior
patterning, respectively. Bell et al (2008) described the
Footless mutant that expresses a hypomorphic variant of the
Rspo2 gene. These animals immediately die after birth and
display severe malformation of the forelimbs and stunted
growth of the hindlimbs. Rspo2 expression occurs in the AER
of wild-type animals. Indeed, several of the Wnt-driven
markers for the AER were not expressed in the absence of
Rspo2 (Aoki et al, 2007; Nam et al, 2007). The researchers
also used a TOPGAL reporter mouse line to evaluate the Wnt
activation in Rspo2-affected tissues and observed a severe
reduction in Wnt activation in the AER.

In addition to the limb phenotype, Bell et al (2008) reported
malformed cartilage of the trachea and hypomorphic lungs in
their Footless mutants. In order to investigate the link with the
Wnt pathway, these animals were crossed with Lrp6 ~/~ mice
reducing Wnt signalling to a minimum. Removal of Lrp6
increased the penetrance of the limb phenotypes and
aggravated the trachea and lung phenotypes (Bell et al, 2008).

In a genetic study surveying > 180 dog breeds, Cadieu et al
(2009) identified Rspo2 as one of the three genes that together
determine the structure of a dog’s coat. Single-nucleotide
polymorphism mapping revealed FgfS and Krt7l1 as the
other two of the triad that defines coat length, curliness
and ‘furnishings’ (the growth pattern marked by a
moustache and eyebrows). An insertion in the 3'UTR of the
Rspo2 gene, in particular dog breeds, induced a threefold
increased expression that in turn induced characteristic extra
hair growth on the muzzle of these animals.

R-spondin 3

There are three critical events in the development of the
mouse placenta. First, chorioallantoic fusion takes place on
embryonic day E8.5. Second, allantoic mesoderm and under-
lying fetal blood vessels fuse with chorionic trophoblast cells
forming simple branches around E9.0. Third, further chorio-
allantoic branching results in a functional labyrinth with
highly branched villi, which enable effective exchange of
gases, nutrients and waste products between mother and
fetus. R-spondin 3 is expressed in early embryogenesis in a
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complex pattern, including the brain, neural tube, tail, heart,
somites and limbs. Aoki et al (2007) deleted Rspo3 and
observed that chorioallantoic fusion occurs normally, but
there was no penetration of the fetal blood vessels into the
chorion or chorioallantoic branching, phenocopying Fzd5 "~
mice (Ishikawa et al, 2001). Kazanskaya et al (2008) also
observed that removal of R-spondin 3 by morpholino in
Xenopus or genetic deletion in mouse hampered angio-
genesis in the placenta. They further identified lack of Vegf
induction in the placenta as the cause for the lack of
angiogenesis, and showed that Vegf expression was
controlled by R-spondin 3/Wnt in the placenta.

R-spondin 4

Lack of toe and fingernails, Anonychia, is considered to be a
mild disorder. It is usually observed as a feature of auto-
somal-dominant inherited syndromes like Coffis-Siris syn-
drome or Nail-Patella syndrome. In rare cases it is an
isolated disorder that follows an autosomal-recessive inheri-
tance pattern. The Rspo4 gene was found to be mutated in
studies of anonychial individuals of European as well as
Asian descent (Blaydon et al, 2006; Bruchle et al, 2008;
Ishii et al, 2008). Together, these studies identified 10
mutations: 4 in the first and 4 in the second furin domain
of Rspo4, as well as 2 splice site mutations. Li et al (2009)
mutated the corresponding cysteine residues in the furin
domains of R-spondin 2 and tested them in vitro. The
mutations affected R-spondin secretion, most likely due to
the inability to form necessary cysteine bridges.

R-spondins are the ligands for Lgr4, 5 and 6

After expression profiling of intestinal crypts in the Lgrd/Lgr5
compound knockout model, de Lau et al (2011) noticed that
the gene programme that is lost upon deletion of the Lgrs
largely coincides with the gene programme that is activated
upon Wnt overactivation by APC deletion (Sansom et al,
2007) . This apparent regulation of Wnt target genes by Lgrs
prompted further investigation of a possible Wnt interaction.
Co-immunoprecipitations of the surface Wnt pathway com-
ponents Frizzeld5/7 and Lrp5/6 with Lgr4 and 5 provided
further evidence for a functional link. Precipitation of tagged
Rspol after incubation with Lgr-expressing cells revealed
Lgr4, 5 and 6 to be the only transmembrane interactors in
HEK293 or Ls174 cells. Lgr family members 1, 3, 7, 8 were
also tested, but were found not to bind R-spondins. Similarly,
Carmon et al (2011) observed that Fc-tagged Rspol bound to
the membrane of cells expressing Lgr4 or 5, and found that
Lgr’s and R-spondins were internalized together. Depletion of
Lgrs abrogated the synergistic effects of R-spondins on Wnt
signalling. Conversely, organoid lethality upon the loss of
Lgr4 and 5 was rescued by activating the Wnt pathway
downstream of Lgrs using the Gsk3f inhibitor CHIR99021.
Thus, all four R-spondins bind to Lgr4, Lgr5 and Lgr6 and
enhance Wnt signalling.

What intracellular processes mediate this signal?
G-proteins were the first candidates to be extensively tested
monitoring the stimulation/inhibition of cAMP production,
Ca’' mobilization and p-arrestin. No activation was
observed using any combination of R-spondins and Lgrs
(Carmon et al, 2011). The interaction with Lrp allows for a
model in which R-spondin/Lgr directly stimulates the Wnt
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Figure 5 Lgrs in the Wnt pathway. Protein interaction data show that the Lgrs are in direct contact with Lrp5/6 and Frizzelds, placing them

in the heart of the receptor complex for Wnt ligands.

pathway without further separate intracellular signalling.
Indeed, Carmon et al (2011) observed loss of R-spondin-
induced Lrp6 phosphorylation upon removal of LgrS.
However, overexpression of Lgr5 in this system did not lead
to an increase in Lrp6 phosphorylation. Instead, it limited
maximal phosphorylation and the duration of the
stimulation; that is, B-catenin stabilization. Glinka et al
(2011) showed that the internalization of Rspo3 with Lgr4 is
clathrin-dependent and imply Lgr4 and 5 in Wnt/PCP
signalling during Xenopus embryogenesis. In conclusion,
R-spondins synergise with Wnt signalling through the Lgr
family members 4, 5 and 6. The mechanisms involved in this
activation are unclear, but Lgrs are found to physically
interact with Lrp5/6 and Frizzelds, placing them at the
heart of the receptor complex for Wnt ligands (Figure 5).

Future directions

The Lgr receptor family has proven to be a useful tool in
identifying a multitude of adult stem cell populations
throughout epithelium of the mammalian body. The specific
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