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Abstract

Kremen (Krm) was originally discovered as a novel transmembrane protein containing the kringle domain.
Both Krm1 (the first identified Krm) and its relative Krm2 were later identified to be the high-affinity receptors
for Dickkopf (Dkk), the inhibitor of Wnt/�-catenin signalling. The formation of a ternary complex composed of
Krm, Dkk, and Lrp5/6 (the coreceptor of Wnt) inhibits Wnt/�-catenin signalling. In Xenopus gastrula embryos,
Wnt/�-catenin signalling regulates anterior-posterior patterning, with low-signalling in anterior regions.
Inhibition of Krm1/2 induces embryonic head defects. Together with anterior localization of Krms and Dkks,
the inhibition of Wnt signalling by Dkk-Krm action seems to allow anterior embryonic development. During
mammalian development, krm1 mRNA expression is low in the early stages, but gradually and continuously
increases with developmental progression and differentiation. In contrast with the wide, strong expression of
krm1 mRNA in mature tissues, expression of krm1 is diminished in a variety of human tumor cells. Since stem
cells and undifferentiated cells rely on Wnt/�-catenin signalling for maintenance in a low differentiation state,
the physiological shutdown of Wnt/�-catenin signalling by Dkk-Krm is likely to set cells on a divergent path
toward differentiation. In tumour cells, a deficit of Krm may increase the susceptibility to tumourigenic 
transformation. Both positive and negative regulation of Wnt/�-catenin signalling definitively contributes to
diverse developmental and physiological processes, including cell-fate determination, tissue patterning and
stem cell regulation. Krm is quite significant in these processes as the gatekeeper of the Wnt/�-catenin 
signalling pathway.
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Introduction

The Wnt family of signalling proteins participates
definitively in diverse developmental and physiologi-
cal processes, including cell-fate determination, tis-
sue patterning, cell proliferation/differentiation and
stem cell regulation. The mouse Wnt gene, formerly
called Int-1, was originally identified by Nusse and
Varmus as a proto-oncogene that induced tumours
when the mouse mammary tumour virus was inte-
grated into a preferential integration site [1].
Subsequently the Drosophilae homologue of int-1
was identified as the segment polarity gene 
wingless, and thus the integrated name ‘Wnt’
was created.

In Drosophila, mutations in disheveled and
armadillo genes displayed abnormalities similar to
wingless, whereas mutations in shaggy/zeste-white3
caused the opposite phenotype, suggesting a new
signal transduction pathway. In vertebrate Xenopus,
duplication of the body axis was observed in the
early stage of embryos after injection of wnt1 mRNA
[2], and this observation provided a convenient assay
to study components of the Wnt signalling pathway.
Axis duplication was also induced by disheveled, �-
catenin (the vertebrate homolog of armadillo), and a
dominant-negative form of glycogen synthase kinase
3 (GSK3) (the vertebrate homolog of shaggy/zeste-
white3). Independent of these studies, the adenoma-
tous polyposis coli (APC) gene was identified in a
hereditary human cancer and APC protein was
thereafter found to interact with �-catenin. These
studies provided not only a highly conserved sig-
nalling pathway activated by Wnt proteins, but also
the connection between the Wnt signalling pathway
and human cancer.

Kremen (Krm) was originally discovered as a
novel transmembrane receptor-like protein, contain-
ing an extracellular kringle domain [3]. Later, Krm
was shown to be the receptor for Dickkopf (Dkk) pro-
tein [4], which is the inhibitor of the Wnt signalling
pathway. Together with Dkk, Krm constitutes machin-
ery, functioning as a cell surface gatekeeper for the
entry of Wnt signalling. Although biological and phys-
iological studies of Krm have largely remained open,
this article reviews structural and functional charac-
teristics of Krm and discusses potential roles of Krm
in development, diseases, and cancer, based on its
expression and function.

Identification and structure of Krm

Krm was originally cloned through an approach to
identifying novel proteins that contain the kringle
domain.The kringle domain, a unique structural motif
composed of triple-disulfide-linked peptides (Fig.
1A), was first identified in the blood coagulation fac-
tor prothrombin. It was subsequently identified in a
variety of proteins that play diverse roles in biological
and physiological processes. For instance, the
kringle domain is conserved in serine proteases that
are involved in blood coagulation and fibrinolysis
(e.g. plasminogen, tPA, etc), hepatocyte growth fac-
tor [5], and Ror transmembrane receptor tyrosine
kinase [6]. Therefore, molecular cloning of novel
kringle-containing proteins was thought to provide a
clue to understanding hitherto unrevealed molecular
mechanisms that underlie complex biological
processes.

The strategy undertaken to clone cDNAs for
kringle-containing proteins was based on the struc-
ture of a unique stretch of 16 or 17 amino acids in the
kringle domain (Fig. 1A and B). This is characterized
by a 5 or 6 amino acid stretch in which amino acid
sequences are variable and unique to each kringle,
and this variable region is surrounded by highly con-
served sequences. Using degenerate primers espe-
cially designed for the two conserved sequences,
reverse transcriptase RT-PCR generated short cDNA
sequences with variable regions that were highly
unique to each kringle (Fig. 1B). Through large-scale
sequence analyses of concatemers composed of
amplified short cDNA fragments (Fig. 1C), one short
cDNA fragment encoding a part of a novel kringle-
protein was identified and used to clone full-size
cDNA. The full-size cDNA contained a 1422 bp open
reading frame and encoded a putative protein com-
posed of 473 amino acid residues. Since it was a
novel kringle-containing protein and its expression
pattern marked the facial structures in embryos, this
molecule was named Krm (Kringle-coding gene
marking the eye and the nose) [3].

Krm is a type-I transmembrane protein composed
of an extracellular region of 389 amino acids, a trans-
membrane domain and a cytoplasmic region of 64
amino acids. The extracellular region of Krm has a
kringle domain, a WSC domain and a CUB domain
(Fig. 1D). The CUB domain, originally identified in
complement subcomponent C1r/C1s, embryonic sea
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urchin protein Uegf, and bone morphogenetic protein-
1, is characterized by a spanning sequence motif with
an antiparallel L-barrel structure [7, 8]. The CUB
domain has been identified in proteins regulating

development, including tolloid (a dorso-ventral pat-
terning molecule), Bp10 and Span (blastula specific
proteins) and neurophilin (a specific receptor for sem-
apholin/collapsin) [7, 9, 10]. A stretch of 77 amino
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Fig. 1 Schematic structures of kringle domain and Krm. (A) The kringle domain and localization of a variable/unique
stretch of 5 or 6 amino acids (blue circles) surrounded by two highly conserved sequences (yellow circles). (B) Multiple
alignments of amino acid sequences of two highly conserved sequences that surround a variable region of the kringle
domain. Two highly conserved sequences are boxed with yellow. (C) Outline for comprehensive analysis of partial
cDNA fragments for kringle-containing proteins. PCR-amplified kringle tags are concatenated and ligated into the
cloning plasmid. For details, see Nakamura et al. [3]. (D) Schematic representation of the two transmembrane proteins
containing kringle domain, Krm and Ror.
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acid residues located between the kringle and CUB
domains is homologous with the WSC domain. The
WSC domain was originally identified in WSC1/SLG1
yeast protein involved in cell wall integrity and stress
response [11]. The intracellular region of Krm is not
homologous with other proteins, including typical
motifs for intracellular signal transduction. In verte-
brates, two krm genes have been identified, krm1 and
krm2  [4]. Although amino acid sequence homologies
between vertebrate Krm1 and Krm2 are only
35–40%, both the occurrence and the order of their
domains are conserved in all orthologs [12].

In addition to Krm, it is notable that the kringle
domain is also found in the Ror receptor tyrosine
kinase. Although both Krm and Ror are kringle-con-
taining transmembrane proteins involved in the Wnt
signalling pathway, their functions are different. Ror is
a receptor for Wnt-5a and is involved in the develop-
ment of the heart and limbs in mice and the guidance
of migrating cells, asymmetric cell division and axon-
al outgrowth (Fig. 1D) [13–17].

Krm as a negative regulator in

Wnt signalling

Wnt family proteins are secreted, cysteine-rich glyco-
proteins and are composed of 19 Wnt genes that
share 27% to 83% amino acid sequence identity in
humans [18]. Wnts are highly hydrophobic, a charac-
teristic not predicted from their primary sequence;
this property is due to fatty acylation. In Wnt3a, two
conserved cysteine and serine residues (Cys77 and
Ser209) are acylated. A mutant form of Wnt3a, in
which the palmitoylated Cys77 is substituted with
Ala, cannot activate Wnt signalling [19]. Fatty acid
modification at Ser209 is regulated for intracellular
transport and secretion [20]. It is highly likely that the
hydrophobic property defines graded and/or restric-
tively localized distribution of Wnts as unique sig-
nalling molecules required for body axis specifica-
tion, cell fate determination, stem cell maintenance,
etc. [21–23].

Wnts trigger at least three pathways through Wnt
receptors of the Frizzled (Fz) seven transmembrane
class. These are (1) the canonical, or Wnt/�-catenin
pathway [24], (2) the planar cell polarity (PCP) path-
way, which recruits small GTPases of the rho/cdc42

family to activate Jun kinase (JNK) and (3) the
Wnt/Ca2+ cascade [25]. In the Wnt/�-catenin path-
way, the best understood Wnt signalling pathway,
Wnt proteins released from or presented on the sur-
face of effecter cells act on neighbouring target cells
by binding to the Fz and low-density lipoprotein
(LDL) receptor-related protein 5/6 (Lrp5/6) complex
at the cell surface (Fig. 2A). These receptors trans-
duce a signal to several intracellular proteins that
include Dishevelled (Dv), glycogen synthase kinase-
3� (GSK-3�), Axin, APC and �-catenin. The GSK-
3�/APC/Axin complex controls cytoplasmic �-
catenin levels through regulation of proteasome-
mediated degradation. Low-cytoplasmic �-catenin
levels are normally maintained by continuous degra-
dation, but when cells receive Wnt signals, the degra-
dation pathway is inhibited, and consequently �-
catenin accumulates in the cytoplasm and nucleus
(Fig. 2A). Nuclear �-catenin interacts with transcrip-
tion factors such as lymphoid enhancer-binding fac-
tor 1/T cell-specific transcription factor (LEF1/TCF).

Wnt/�-catenin signalling is inhibited by the secret-
ed protein Dickkopf1 (Dkk1), which consists of four
main members in vertebrates (Dkk1~Dkk4). Dkk1,
the original member of the Dkk family, was identified
as a head inducer and Wnt antagonist in Xenopus
[26]. Dkks are glycoproteins of 255–350 amino acids,
with calculated molecular weights between 24 and
29 kD for Dkk1, Dkk2 and Dkk4, and 38 kD for Dkk3.
Dkks bind to Lrp5/6 and this binding inhibits the func-
tional complex formation between Wnts, Fz and
Lrp5/6, thereby inhibiting the Wnt/�-catenin signalling
pathway (Fig. 2B) [27, 28]. Although the inhibition of
the Wnt/�-catenin pathway is the primary action of
Dkks, recent publications have indicated that Dkks
facilitate the Wnt/PCP pathway [29]. In this case,
association of Dkk with Lrp5/6 inhibited the Wnt/�-
catenin pathway, which was associated with switching
from the Wnt/�-catenin to the Wnt/PCP pathway.

Krm1 and Krm2 are the second set of high-affinity
receptors for Dkk, and Krm proteins strongly co-
operate with Dkk to inhibit Wnt/�-catenin signalling
(Fig. 2B) [4]. Because Drosophila does not have Dkk
or Krm homologs, but does have an Lrp homologue,
the functional association of Krm and Dkk has been
analysed in Drosophila [4]. Ectopic co-expression of
vertebrate dkk and krm together, but neither of these
genes alone, results in inhibition of Wg/Wnt sig-
nalling [4]. Upon binding to Dkk1, Krm proteins (both
Krm1 and Krm2) are recruited into a complex with
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Lrp5/6, which leads to rapid endocytosis and
removal of Lrp5/6 from the plasma membrane. The
inhibitory function of Dkks depends on the presence

of appropriate Krm proteins. Dkk2 requires Krm2 in
order to inhibit Wnt signalling and cannot function
with Krm1 to down-regulate the Wnt signal [30]. In
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Fig. 2 Regulation of Wnt/�-catenin signalling pathway. (A) Wnt forms a ternary complex with Fz and Lrp5/6, which pro-
motes stabilization of �-catenin, thereby activating the pathway. (B) Dkk1 forms a ternary complex with Lrp5/6 and
Krm, which blocks Wnt signal transduction by causing endocytosis of Lrp5/6. (C) Ror is the receptor for Wnt5a and
blocks Wnt/�-catenin signalling by inhibiting �-catenin-dependent gene transcription. (D) WIF and sFRP antagonize
the binding of Wnt to Fz.
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particular, Krm2 regulates Dkk2 to inhibit Wnt sig-
nalling; however, Dkk2 can function as either a Wnt
agonist or antagonist depending on the cellular con-
text [30]. Krm1 and Krm2 bind both Dkk1 and Dkk2,
but not Dkk3, with an apparent Kd in the nM range. A
recent publication indicates that R-Spondin1 inter-
feres with Dkk1/Krm-mediated internalization of Lrp6
through an interaction with Krm [31], suggesting that
R-Spondin1 may participate in Wnt/�-catenin sig-
nalling through increased levels of cell surface Lrp6.

The specific interaction of Krm with Dkk depends
on its extracellular domains [4]. Deletion of any of the
extracellular domains in Krm, including a kringle,
WSC or CUB domain, abolishes the association with
Dkk1. In contrast, deletion of the intracellular domain
of Krm does not significantly affect its binding to Dkk1
and inhibition of Wnt/�-catenin signalling. Attachment
of the extracellular region of Krm to the plasma mem-
brane is critical for its function, because a GPI-
anchored extracellular region of Krm confers Dkk1
binding and Wnt inhibition, but a secreted form of the
extracellular region of Krm is inactive. This suggests
that the Krm cytoplasmic domain is of minor impor-
tance to the inhibition of Wnt signalling. However, a
possibility that the cytoplasmic domain may also play
a role in the biological function of Krm cannot be
excluded, because amino acid sequence homology
between humans and Xenopus reaches approximate-
ly 70% for the cytoplasmic region of Krm.

In addition to Dkk and Krm, there are other nega-
tive cell-surface modulators for the Wnt/�-catenin
pathway. The kringle-containing receptor tyrosine
kinase Ror inhibits the transcriptional activity of �-
catenin (Fig. 2C). The Wnt inhibitory factor (WIF) and
the secreted Fz-related protein (sFRP) act as Wnt
antagonists through their competitive binding to the
Wnt receptor Fz (Fig. 2D) [32].

Expression of Krm

During embryonic development, both krm1 and krm2
mRNAs are expressed at early developmental
stages of the mouse embryo (Figs 3 and 4A) [3, 12].
During the progression of embryogenesis, these
expression levels gradually increase (Fig. 4A). krm1
mRNA is detectable in the mouse embryo in some
sensory organs (optic vesicle, otic vesicle and nasal
pit, etc.), and in the lungs, heart, apical ectodermal

ridge (AER) and somites (Fig. 3A–C) [3, 12, 33, 34].
The expression patterns of krm2 are similar to those
of krm1 [12]. krm1 mRNA is also expressed in the
floor plate, which is the region important for commis-
sural neurons to establish the correct neuronal 
network connections (Fig. 3D–G). krm1 mRNA
expression is detectable at both the rostral and lum-
bar levels of the floor plate of the neural tube, sug-
gesting a possible role for Krm in the regulation of
Wnt/�-catenin dependent neural network connec-
tions. In the adult mouse, relatively strong expression
of krm1 mRNA is seen in various tissues (Fig. 4B).

In Xenopus, krm mRNAs are present throughout
embryogenesis. Zygotic expression starts in early
(krm2) and late gastrulation (krm1), and it remains
relatively constant throughout neurulation and
organogenesis [12]. krm2 expression is observed in
the gastrula marginal zone, except for the Spemann
organizer. At the early neurulation stage, krm1 and
krm2 expression is seen in the anterior mesoderm. In
mid-neurulae neural tubes, expression is seen in the
dorsal midline, in two longitudinal stripes, and in the
prechordal plate. In tailbud embryos, expression is
seen in the hatching gland, the branchial arch, the
dorsal otic vesicle, the fin mesenchyme and the
pronephric duct. At the tailbud stage, krm1 exhibits
additional expression in the notochord and somites,
compared with the expression of krm2 [12].

Krm in development

The Wnt signalling pathway is known to be important
for embryogenesis, through both in vivo and in vitro
studies. Likewise, many studies have pointed out the
importance of negative regulation of this pathway for
successful cell-fate determination and organogene-
sis. Introduction of loss-of-function mutations and
impaired negative regulation of the Wnt/�-catenin
signalling pathway results in developmental abnor-
mality in experimental animals (Table 1).

During early patterning of the vertebrate central
nervous system (CNS), neural inducers and modi-
fiers establish a crude anterior-posterior (AP) pattern
before and during gastrulation, which becomes
refined at later stages. During Xenopus gastrulation,
AP patterning of the entire neural plate is regulated
by Wnt/�-catenin signalling. This signalling is higher
in posterior regions of the embryo and lower in

© 2008 The Authors
Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



J. Cell. Mol. Med. Vol 12, No 2, 2008

397

anterior regions, probably as a consequence of Wnt
and Wnt inhibitor expression domains being predom-
inantly posterior and anterior, respectively. Indeed,
one distinguishing feature of organizing centres
involved in anterior neural induction in vertebrates is
the expression of Dkks and Krms. Inactivation of the
Dkk1 in Xenopus embryos and targeted deletion of
the dkk1 gene in mouse embryos results in micro-
cephalic embryos [26, 58, 64]. In Xenopus embryos,
inhibition of Krm1/2 induces embryonic head defects.
In addition, there is strong enhancement of head
defects when both Dkk1 and Krm1/2 are inhibited
[12]. These data support the model that inhibition of
Wnt/�-catenin signalling by Dkk-Krm action allows
anterior embryonic development.

In the developing heart, Wnt signalling is critical
during the very early stages of differentiation to
mesoderm lineages, but it is repressive during later
stages of differentiation to cardiac myocytes [65–67].
Thus, inhibition of the Wnt pathway seems to be per-
missive for differentiation of cardiac myocytes. In
Xenopus, inhibition of Wnt signalling by Dkk1 leads

to enhanced cardiac development, while in mice,
sFRP leads to repair after myocardial infarction
[68–71]. Expression of krm1 mRNA is low in the
embryonic heart but high-level krm1 expression is
seen in the adult heart. In an in vitro skeletal muscle
differentiation model, the expression of krm1 mRNA
is detectable earlier than that of myogenin and grad-
ually increases during the progression of differentia-
tion [3]. Inhibition of Wnt signalling by Dkk-Krm co-
operation may support myocardial development and
differentiation.

Appropriate spatio-temporal inhibition of the
Wnt/�-catenin pathway plays a critical role in lung
development and morphogenesis. In the developing
lung, Wnt/�-catenin signalling is dynamic and active
throughout the epithelium and in the proximal smooth
muscle cells until E12.5. However, from E13.5
onward, the Wnt signal is no longer present in the
mesenchyme and the activity in the epithelium is
reduced distally, concomitant with the onset of
expression of dkk1 in the distal epithelium [34].
Constitutive activation of the Wnt/�-catenin pathway

© 2008 The Authors
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Fig. 3 Spatial expression patterns
of krm1 mRNA in mouse embryo.
(A–C) In situ hybridization of E10.5
mouse whole embryo. Lateral (A),
dorsal (B) and ventral (C) view of
embryo. (D) Schematic representa-
tion of E12.5 and E13.5 mouse
embryos. Lines indicate the level of
the sections shown in E–H, respec-
tively. (E–H) In situ hybridization of
E12.5 and E13.5 mouse transverse
sections. E–H show the rostral and
the lumbar level sections of E12.5
mouse embryo and the rostral and
the lumbar level sections of E13.5
mouse embryo, respectively. AER,
apical ectodermal ridge; fl, forelimb
bud; h, heart; hl, hindlimb bud; l,
lung; np, nasal pit; op, optic vesicle;
ot, otic vesicle; fp, floor plate.
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in lung progenitor cells consistently results in a lack
of alveoli and a reduction in lung size [72]. On the
other hand, depletion of �-catenin in both epithelium
and mesenchyme in lung explants results in
increased branching morphogenesis [73]. Thus,
Wnt/�-catenin signalling appears to have a repres-
sive function on lung branching morphogenesis dur-
ing late stages of lung development. Along with Dkk1
expressed in the distal epithelium, the involvement of
Krm in alveolar formation is significant.

Commissural neurons in the mammalian dorsal
spinal cord send axons ventrally toward the floor
plate, where they cross the midline and turn anterior-
ly toward the brain; a gradient of chemoattractant(s)
inside the spinal cord controls this change in direc-
tion. Several Wnt proteins stimulate the extension of
commissural axons after crossing the midline. wnt4
mRNA is expressed in a decreasing anterior-to-pos-
terior gradient in the floor plate, and a directed
source of Wnt4 protein attracts after crossing com-
missural axons. Commissural axons in mice lacking
the Wnt receptor Fz3 displayed anterior-posterior
guidance defects after crossing the midline [51].
Thus, in the floor plate, Wnt-Fz signalling guides
commissural axons along the anterior-posterior axis

of the spinal cord. krm1 shows distinct expression in
the floor plate from the rostral to the lumbar level
(Fig. 3D–G). This raises the question of the role of
Krm in the floor plate. Cells in the floor plate accom-
plish a specialized mission, to precisely regulate
anterior/posterior turning of commissural axons.
Since the regulatory role and microenvironment of
the floor plate for axonal extension, turning, or repul-
sion are defined by floor plate cells, changes in the
biological characteristics of floor plate cells should be
avoided. Cells that accept Wnt signalling may be
commissural neurons but not floor-plate cells.
Therefore, Krm in the floor-plate cells may play a role
in shutting down Wnt signalling to acquire and main-
tain the specialized characteristics of floor-plate cells
and the related microenvironment.

Wnt signalling in stem cell

regulation and diseases

Tissue homeostasis and regeneration are supported
by two distinct systems, the stem cell system and the

© 2008 The Authors
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Fig. 4 (A) Expressions of krm1 mRNA in whole mouse embryos at serial developmental stages. (B) Tissue distribution
of krm1 mRNA in adult mouse. (C) Change in the expression of krm1 mRNA during myogenic differentiation in C2C12
cells. Expression of krm1 mRNA in C2C12 cells cultured for various periods under conditions permissive for differen-
tiation was analysed. (D) Expressions of krm1 mRNA in human cancer cell lines.
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simple duplication system. In tissues such as nerv-
ous tissue, in which differentiated cells lack the abili-
ty to duplicate, stem cells proliferate and differentiate
into specific cell types. By contrast, in the simple
duplication system, differentiated cells retain the abil-
ity to duplicate in response to tissue injury. The two
systems cooperate in tissue homeostasis and regen-
eration, and the balance between the stem cell sys-
tem and the simple-duplication system depends on
the tissue type. For instance, liver regeneration large-
ly depends on the simple-duplication system of differ-
entiated hepatocytes, while hepatic stem cells partic-
ipate in the renewal of hepatocytes, which occurs
over a few hundred days.

Since physiological attenuation or suppression of
Wnt signalling is necessary for cell fate determina-

tion and differentiation, stem cells are likely to rely on
the Wnt signalling pathway for maintenance at the
required low-differentiation level, even in adult tis-
sues largely composed of differentiated cells [74].
Multipotent epidermal stem cells reside in the bulge
region of hair follicles, and the Wnt signalling path-
way plays a key role in the activation and mainte-
nance of bulge stem cells for progression toward hair
formation and regeneration of hair follicles.
Conditional deletion of the �-catenin gene, or trans-
genic expression of dominant-negative Lef1/Tcf4, in
established hair follicles disrupts the process by
which bulge stem cells provide hair lineage precur-
sors [75]. In one study, hair follicles were newly
formed after cutaneous wounding and a stem cell
population was established in the regenerated hair

© 2008 The Authors
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Table 1 Abnormalities associated with loss-of-function in Wnt signalling molecules

Gene Stimulus Species Phenotypes References

Wnt1 Knockout Mouse Loss of portion of the midbrain and cerebellum. Deficiency in dorsal
neural tube derivatives in double knockout with Wnt3a 

[35–38]

Wnt3 Knockout Mouse Defect in early gastrulation. Perturbations in establishment and 
maintenance of the apical ectodermal ridge (AER) in the limb 

[39, 40]

Wnt3a Knockout Mouse Defect in somite and tailbud development. Deficiency in dorsal neural
tube derivatives in double knockout with Wnt1

[38, 41–43]

Wnt4 Knockout Mouse Defect in kidney development. Defect in sex determination [44, 45]

Wnt5a Knockout Mouse Truncated limbs and antero-posterior axis. Defects in distal lung 
morphogenesis. Chondrocyte differentiation defects 

[46, 47]

Wnt7a Knockout Mouse Abnormal development of the oviduct and uterus [48]

Wnt7b Knockout Mouse Defect in placental development. Respiratory failure, defects in early
mesenchymal proliferation leading to lung hypoplasia 

[49]

Wnt11 Knockout Mouse Ureteric branching defects and kidney hypoplasia [50]

Fz3 Knockout Mouse Defect in major axon tracts within the forebrain. Perturbed 
anterior-posterior guidance of commissural axon 

[51,52]

Fz4 Knockout mouse Cerebellar, auditory, optical, and oesophageal defects [53–55]

Fz5 Knockout mouse Essential for yolk sac and placental angiogenesis [56]

Fz7 Antisense oligo Xenopus Depletion of maternal Xfz7 disrupts dorsal anterior development [57]

Dkk1 Knockout Mouse Deletion of anterior head structures and limb. Postaxial polysyndactyly.
Fused vertebrae Increase in bone formation and bone mass 

[58]

Dkk2 Knockout Mouse Increase in bone formation and bone mass. Blindness, cornea 
transformation 

[59, 60]

Lrp5 Knockout Mouse Osteopenia [61, 62]

Lrp6 Knockout Mouse Defect in caudal somites and limb. Truncation of the axial skeleton [62, 63]

Krm1/2 Morpholino oligo Xenopus Defect in anterior neural development [12]

Ror1/2 Knockout Mouse Truncated limbs and antero-posterior axis. Lung hypoplasia [16, 17]
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follicles. In this de novo hair folliculogenesis, inhibi-
tion of Wnt signalling abrogated wound-induced hair
folliculogenesis, whereas overexpression of the Wnt
ligand increased the number of regenerated hair fol-
licles in which stem cells were re-populated in adult
mouse skin [76]. In addition, Wnt/�-catenin signalling
regulates self-renewal of haematopoietic stem cells
in an autocrine and paracrine manner, as Wnts are
produced by haematopoietic stem cells as well as by
bone marrow stromal cells [74, 77].

In intestinal epithelium, the proliferating crypt pre-
cursors and differentiated villus cells form a contigu-
ous epithelial sheet of cells that is in perpetual
upward motion. Stem cells reside near the bottom of
the crypt and produce the transit-amplifying progeni-
tor cells that differentiate into villus cells. Wnt/�-
catenin signalling is a dominant force in cell fate
determination along the crypt-villus axis [78]. In
neonatal mice lacking Tcf4, the crypt progenitor com-
partment is absent [79], implying that physiological
Wnt signalling is regulated for the establishment of
this progenitor compartment. Inhibition of Wnt sig-
nalling by transgenic expression of Dkk1 induces
complete loss of the crypt in adult mice. Thus, Wnt
signalling plays an important role in the maintenance
of the stem cell niche, a specific environment in
which stem cells maintain their capacity to self-renew
and generate differentiated progeny. Instead, attenua-
tion or inhibition of the Wnt pathway regulates subse-
quent differentiation of daughter cells that escape from
the stem cell niche. Dkk-Krm co-operation may play
roles not only in the homeostasis of the stem cell niche,
in which characteristics of stem cell and non-stem cell
populations are maintained, but also in the differentia-
tion of cells that arise from the stem cell population.

A variety of abnormalities caused by genetic and
functional inhibition of parts of the Wnt signalling
pathway in experimental animals imply that impaired
function and dysregulation in the Wnt signalling path-
way may also cause both non-neoplastic and neo-
plastic disorders in humans. Human diseases
caused by aberrant regulation of Wnt/�-catenin sig-
nalling are listed in Table 2 [80]. In bone formation,
Wnt/�-catenin signalling plays an important role in
increasing bone mass, particularly through biological
activities in the ectoblastic cell lineage, including
renewal of stem cells, stimulation of pre-osteoblast
replication, induction of osteoblastogenesis, and inhi-
bition of osteoblast and osteocyte apoptosis [103].
Thus, dysregulation of Wnt/�-catenin signalling leads
to abnormal bone formation. Osteoporosis-

pseudoglioma syndrome (OPPG), characterized by
low bone mass, is caused by a loss-of-function muta-
tion in the lrp5 gene, whereas a gain-of-function
mutation in lrp5 is associated with a high bone mass
phenotype [85]. It is notable that knockout of the lrp5
gene results in the development of osteopenia char-
acterized by low bone mass in mice. Deletion of a
single allele of the dkk1 gene leads to an increase in
bone formation and bone mass [104]. Likewise, dele-
tion of the Wnt antagonist sFRP1 enhances bone for-
mation, and target genes of �-catenin signalling have
been implicated in bone formation [105, 106]. It can
be predicted that a krm defect might result in a high
bone mass phenotype due to excess Wnt signalling.

There is another human bone disorder caused by
dysregulation of Wnt signalling.Transmembrane tyro-
sine kinase Ror2, the Wnt5a receptor, down-regu-
lates �-catenin-mediated transcription and is
involved in the development of the skeletal, cardio-
vascular and genital systems. Mutations in ror2 have
been shown to cause two distinct human disorders,
autosomal recessive Robinow syndrome and domi-
nantly inherited Brachydactyly type B [88, 89, 102].
Both disorders show symptoms of skeletal dysplasia,
characterized by short stature, mesomelic limb short-
ening, brachydactyly, spinal segmental abnormali-
ties, genital hypoplasia and dysmorphic facial
appearance [90, 91]. The recessive form of Robinow
syndrome is a disorder caused by loss-of-function
mutations in ror2, whereas Brachydactyly type B is a
dominant disease and is presumably caused by gain-
of-function mutations in ror2, which is possibly asso-
ciated with a constitutive active Ror2-mediated sig-
nalling. The reason both loss-of-function and gain-of-
function mutations in ror2 result in the same symp-
toms is not yet known. Ror2 knockout newborn mice
(ror2-/-) exhibit dwarfism, short limbs and tail, facial
malformations, cyanosis and ventricular septal
defects, resembling the Robinow syndrome pheno-
type [107, 108].

The Wnt/�-catenin pathway contributes not only to
cardiac development, but also to cardiac physiology
and pathology [109].Cardiac hypertrophy is an adaptive
response of the heart to sustained pressure overload,
caused by pathological stimuli, such as myocardial
infarction. Because cardiac myocytes are terminally
differentiated, they can only respond by hypertrophic
growth [110]. In mice lacking Dv-1, the onset of pres-
sure-overload-induced cardiac hypertrophy was
attenuated when compared with wild type mice [111].
In addition, conditional overexpression of constitutively
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active GSK-3� led to regression of established pres-
sure overload-induced hypertrophy [112]. Therefore, in
cardiovascular medicine, regulation of the Wnt/�-
catenin pathway is thought to provide novel therapeu-
tic targets for antihypertrophic therapy.

Wnt signalling, Krm and cancer

Given the definitive roles of the Wnt/�-catenin path-
way in cell fate specification, embryogenesis and
maintenance of stem cell characteristics and niche, it
is conceivable that defects or deregulation of the Wnt
signalling pathway may lead to the development of
tumours. Although a partial list of malignant diseases
associated with aberrant Wnt signalling is provided in
Table 2, abnormalities in the Wnt signalling pathway
have been noted in a wide variety of human malig-
nancies [78, 113, 114].

Involvement of the Wnt/�-catenin pathway in malig-
nant disease was first noted through the identification

of the APC gene as a tumour suppressor gene in
patients with a hereditary cancer syndrome termed
familial adenomatous polyposis (FAP) [115, 116]. FAP
patients inherit one defective APC allele, and as a
consequence develop large numbers of benign colon
polyps in early adulthood. Inactivation of the second
APC allele permits progression of polyps into malig-
nant adenocarcinoma. Mutational inactivation of APC
leads to the inappropriate stabilization of �-catenin,
and loss of both APC alleles occurs in a majority of
sporadic colorectal cancers [117]. In cases of colorec-
tal cancer where APC is not mutated, either Axin2 is
mutated [118], or an activating (oncogenic) mutation
occurs in the �-catenin gene [119]. Although the
importance of �-catenin in tumourigenesis has been
highlighted in colon cancer, oncogenic mutation in 
�-catenin has been noted in a variety of cancers,
including colorectal cancer, hepatocellular carcinoma,
melanoma and prostate cancer.

Based on the information that impaired Wnt/�-
catenin signalling results in the accumulation of �-
catenin, it is conceivable that aberrant expression

© 2008 The Authors
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Diseases/Phenotypes Gene Nature of miscues References

Non-neoplastic

Schizophrenia Wnt1 Increased expression [81]

Tetra-amelia phenopype Wnt3 Homozygous mutation [82]

Mullerian-duct regression and virilization. Intersex phenotype Wnt4 Gene duplication [83]

Familial exudative vitreoretinopathy Fz4 Loss of function [84]

Osteoporosis-pseudoglioma syndrome Lrp5 Loss of function [85]

A high bone mass phenotype Lrp5 Gain of function [86, 87]

Robinow syndrome Ror2 Reduce or loss of function [88--91]

Brachydactyly B Ror2 Gain of function [88, 91, 92]

Acute lymphoblastic leukaemia Wnt5a Loss of function [93]

Lung cancer WIF Hypermethylation [94]

Colorectal cancer sFRP Hypermethylation [95]

Non small cell lung cancer Dv3 Overexpression [96]

Familial adenomatous polyposis Colorectal cancer APC Loss of function [97, 98]

Hepatocellular carcinoma Axin1 Loss of function [99]

Colorectal cancer. Hepatocellular carcinoma. Melanoma. Prostate cancer �-catenin Oncogenic mutation [100, 101]

Colorectal cancer Dkk1 Hypermethylation [102]

Table 2 Human diseases caused by abnormality in Wnt signalling
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and/or function of Krm as a negative regulator of
Wnt/�-catenin signalling may contribute to the devel-
opment of cancer. Figure 4D shows gene expression
of krm1 in a variety of human tumour cell lines. krm1
is expressed in various mouse normal tissues, and
relatively strong expression is seen in the lung, heart,
stomach, kidney, colon and skeletal muscle (Figure
4B), suggesting that Krm1 may play a role in sup-
pression of Wnt/�-catenin signalling in differentiated
cell types. In contrast, among 30 different human
tumour cell lines, the expression of krm1 has disap-
peared in many lines, its expression is low in several
lines, and high-level expression is seen in only a few
tumour cell lines.

It is interesting that krm1 mRNA is hardly
detectable in human lung cancer cell lines (Lu99,
EBC1, SBC2 and SBC5), though species difference
between human and mice must be taken into consid-
eration. Mutation of genes that relate to activation of

Wnt signalling has been found in several human lung
cancer cells [120, 121]. Instead, inhibition of Wnt1 or
Wnt2 by siRNA or monoclonal antibodies results in
apoptosis of non-small-cell lung cancer (NSCLC)
cells [120, 121]. Introduction of the WIF gene or pro-
tein inhibits H460 lung cancer cell growth both in vitro
and in vivo [122]. These results suggest that inhibi-
tion of Wnts-dependent activation of the Wnt/�-
catenin pathway may be a therapeutic approach.

The mechanism by which Krm1 expression
decreases or disappears is unknown. However, the
lack of Krm1 expression may allow Wnt-dependent
activation of the Wnt/�-catenin pathway, thereby increas-
ing the susceptibility to tumourigenic transformation
of cells and malignant progression, not only in lung
cancer but in a variety of human malignant tumours
(Fig. 5). Nevertheless, in some cancer cells the inhi-
bition of the Wnt/�-catenin pathway was associated
with activation of the �-catenin independent cascade.
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Fig. 5 Putative model involved
in constitutively active Wnt/�-
catenin signalling in cancer
cells, from the aspect of
decreased or diminished Krm
expression. In normal cells,
cytoplasmic �-catenin level is
bi-directionally regulated by
the complex formations
between Lrp5/6-Wnt-Fz and
Lrp5/6-Dkk-Krm. In contrast, in
cancer cells, the decreased or
diminished expression of Krm
allows constitutive accumulation
of �-catenin, leading to ab-
normal Wnt/�-catenin signalling.
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This result suggests that Dkk-Krm may modulate
Wnt signalling from the �-catenin dependent to the
�-catenin independent pathway in some cancer cell
types, rather than simply shutting down the Wnt/�-
catenin signalling. The significance of the lack of, or
the decrease in, Krm expression in cancer cells
remains to be addressed.

Perspectives

The decrease or lack of krm expression in a variety of
human tumour cells led our group to consider that the
understanding of transcriptional regulation of the krm
gene provides a new mechanism by which cancer
cells escape the gatekeeper function of Dkk-Krm to
acquire constitutively active Wnt/�-catenin signalling.
At the same time, the understanding of transcription-
al regulation of Krm provides a mechanism by which
stem cells or undifferentiated progenitor cells achieve
a competent state that allows subsequent activation
of a series of genes (e.g. tissue-specific transcription
factors and their target genes) for cellular differentia-
tion. Shutdown of Wnt/�-catenin signalling does not in
itself specify the direction of cell-fate determination,
while cellular competence for diverse differentiation
requires an appropriate shutdown of Wnt/�-catenin
signaling. Dkk-Krm co-operation is likely to set the
stage for undifferentiated progenitor cells or stem
cells to progress toward differentiation, prior to activa-
tion of a series of genes that specify cellular differen-
tiation. In other words, Krm expression may set cells
on a divergent path toward differentiation, whereas
down-regulation of Krm directs them toward tumouri-
genic transformation. Identification of a unique tran-
scription factor for krm gene expression and micro
RNA that regulates the turnover of krm mRNA is an
approach to be considered.

Compared with the overwhelming body of knowl-
edge on the important roles of the Wnt/�-catenin sig-
nalling pathway in development and pathology, the
biological and physiological roles of Krm have
remained largely unaddressed.The use of single and
double krm1 and krm2 knockout mice is significant.
Expression of Krms in human pathology, including
malignant tumours, must be analysed to understand
the pathogenic roles of aberrant expression of 
Krms. There are multiple sites of single nucleotide
polymorphism (SNP) in the genomic sequences of

krm1 and krm2, in both the 5’ upper stream 
and mRNA transcriptional regions [Ensembl: krm1
(http://www.ensembl.org/Homo�sapiens/genes-
npview?gene=ENSG00000183762;db=core), krm2
(http://www.ensembl.org/Homo�sapiens/genes-
npview?gene=ENSG00000131650;db=core)]. The
relationship of these SNPs to human diseases is of
interest. Finally, addressing the questions described
above would provide opportunities for drug discov-
ery, targeting krm gene expression and function.

References

1. Nusse R, Varmus HE. Many tumors induced by the
mouse mammary tumor virus contain a provirus inte-
grated in the same region of the host genome. Cell.
1982; 31: 99–109.

2. McMahon AP, Moon RT. Ectopic expression of the
proto-oncogene int-1 in Xenopus embryos leads to
duplication of the embryonic axis. Cell. 1989;
58:1075–84.

3. Nakamura T, Aoki S, Kitajima K, Takahashi T,

Matsumoto K, Nakamura T. Molecular cloning and
characterization of Kremen, a novel kringle- contain-
ing transmembrane protein. Biochim Biophys Acta.
2001; 1518: 63–72.

4. Mao B, Wu W, Davidson G, Marhold J, Li M,

Mechler BM, Delius H, Hoppe D, Stannek P, Walter

C, Glinka A, Niehrs C. Kremens are novel Dickkopf
receptors that regulate Wnt/beta-catenin signalling.
Nature. 2002; 417: 664–7.

5. Nakamura T, Nishizawa T, Hagiya M, Seki T,

Shimonishi M, Sugimura A, Tashiro K, Shimizu S.

Molecular cloning and expression of human hepato-
cyte growth factor. Nature. 1989; 342: 440–3.

6. Oishi I, Sugiyama S, Liu ZJ,Yamamura H, Nishida

Y, Minami Y. A novel Drosophila receptor tyrosine
kinase expressed specifically in the nervous system.
Unique structural features and implication in develop-
mental signaling. J Biol Chem. 1997; 272: 11916–23.

7. Bork P, Beckmann G. The CUB domain. A wide-
spread module in developmentally regulated pro-
teins. J Mol Biol. 1993: 231; 539–45.

8. Varela PF, Romero A, Sanz L, Romao MJ, Topfer-

Petersen E, Calvete JJ. The 2.4 Å resolution crystal
structure of boar seminal plasma PSP-I/PSP-II: a
zona pellucida-binding glycoprotein heterodimer of
the spermadhesin family built by a CUB domain
architecture. J Mol Biol. 1997: 274; 635–49.

9. He Z,Tessier-Lavigne M. Neuropilin is a receptor for
the axonal chemorepellent Semaphorin III. Cell.
1997; 90: 739–51.

© 2008 The Authors
Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



404

10. Kolodkin AL, Levengood DV, Rowe EG, Tai YT,

Giger RJ, Ginty DD. Neuropilin is a semaphorin III
receptor. Cell. 1997; 90: 753–62.

11. Verna J, Lodder A, Lee K, Vagts A, Ballester R. A
family of genes required for maintenance of cell wall
integrity and for the stress response in
Saccharomyces cerevisiae. Proc Natl Acad Sci USA.
1997: 94: 13804–9.

12. Davidson G, Mao B, Del Barco Barrantes I, Niehrs

C. Kremen proteins interact with Dickkopf1 to regu-
late anteroposterior CNS patterning. Development.
2002; 129: 5587–96.

13. Forrester WC, Dell M, Perens E, Garriga G. A C.

elegans Ror receptor tyrosine kinase regulates cell
motility and asymmetric cell division. Nature. 1999:
400: 881–5.

14. Oishi I, Takeuchi S, Hashimoto R, Nagabukuro A,

Ueda T, Liu ZJ, Hatta T, Akira S, Matsuda Y,

Yamamura H, Otani H, Minami Y. Spatio-temporally
regulated expression of receptor tyrosine kinases,
mRor1, mRor2, during mouse development: implica-
tions in development and function of the nervous sys-
tem. Genes Cells. 1999; 4: 41–56.

15. Oishi I, Suzuki H, Onishi N, Takada R, Kani S,

Ohkawara B, Koshida I, Suzuki K, Yamada G,

Schwabe GC, Mundlos S, Shibuya H, Takada S,

Minami Y. The receptor tyrosine kinase Ror2 is
involved in non-canonical Wnt5a/JNK signalling path-
way. Genes Cells. 2003; 8: 645–54.

16. Takeuchi S, Takeda K, Oishi I, Nomi M, Ikeya M,

Itoh K, Tamura S, Ueda T, Hatta T, Otani H,

Terashima T, Takada S, Yamamura H, Akira S,

Minami Y. Mouse Ror2 receptor tyrosine kinase is
required for the heart development and limb forma-
tion. Genes Cells. 2000; 5: 71–8.

17. Nomi M, Oishi I, Kani S, Suzuki H, Matsuda T,Yoda

A, Kitamura M, Itoh K,Takeuchi S,Takeda K, Akira

S, Ikeya M, Takada S, Minami Y. Loss of mRor1
enhances the heart and skeletal abnormalities in
mRor2-deficient mice: redundant and pleiotropic
functions of mRor1 and mRor2 receptor tyrosine
kinases. Mol Cell Biol. 2001; 21: 8329–35.

18. Miller JR. The Wnts. Genome Biol. 2002; 3:
REVIEWS 3001.

19. Willert K, Brown JD, Danenberg E, Duncan AW,

Weissman IL, Reya T, Yates JR 3
rd

, Nusse R. Wnt
proteins are lipid-modified and can act as stem cell
growth factors. Nature. 2003; 423: 448–52.

20. Takada R, Satomi Y, Kurata T, Ueno N, Norioka S,

Kondoh H, Takao T, Takada S. Monounsaturated
fatty acid modification of Wnt protein: its role in Wnt
secretion. Dev Cell. 2006; 11: 791–801.

21. Logan CY, Nusse R. The Wnt signaling pathway in
development and disease. Annu Rev Cell Dev Biol.
2004; 20: 781–810.

22. Kikuchi A, Yamamoto H, Kishida S. Multiplicity of
the interactions of Wnt proteins and their receptors.
Cell Signal. 2007; 19: 659–71.

23. Galli LM, Barnes TL, Secrest SS, Kadowaki T,

Burrus LW. Porcupine-mediated lipid-modification
regulates the activity and distribution of Wnt proteins
in the chick neural tube. Development. 2007; 134:
3339–48.

24. Cadigan KM, Liu YI. Wnt signaling: complexity at the
surface. J Cell Sci. 2006; 119: 395–402.

25. Kohn AD, Moon RT. Wnt and calcium signaling:
beta-catenin-independent pathways. Cell Calcium.
2005; 38: 439–46.

26. Glinka A, Wu W, Delius H, Monaghan AP,

Blumenstock C, Niehrs C. Dickkopf-1 is a member
of a new family of secreted proteins and functions in
head induction. Nature. 1998; 391: 357–362.

27. Mao B, Wu W, Li Y, Hoppe D, Stannek P, Glinka A,

Niehrs C. LDL-receptor-related protein 6 is a recep-
tor for Dickkopf proteins. Nature. 2001; 411: 321–5.

28. Niehrs C. Function and biological roles of the
Dickkopf family of Wnt modulators. Oncogene. 2006;
25: 7469–81.

29. Caneparo L, Huang YL, Staudt N,Tada M, Ahrendt

R, Kazanskaya O, Niehrs C, Houart C. Dickkopf-1
regulates gastrulation movements by coordinated
modulation of Wnt/beta catenin and Wnt/PCP activi-
ties, through interaction with the Dally-like homolog
Knypek. Genes Dev. 2007; 21: 465–80.

30. Mao B, Niehrs C. Kremen2 modulates Dickkopf2
activity during Wnt/LRP6 signaling. Gene. 2003; 302:
179–83.

31. Binnerts ME, Kim KA, Bright JM, Patel SM,Tran K,

Zhou M, Leung JM, Liu Y, Lomas WE 3rd, Dixon M,

Hazell SA, Wagle M, Nie WS, Tomasevic N,

Williams J, Zhan X, Levy MD, Funk WD, Abo A. R-
Spondin1 regulates Wnt signaling by inhibiting inter-
nalization of LRP6. Proc Natl Acad Sci USA. 2007;
104: 14700–5.

32. Kawano Y, Kypta R. Secreted antagonists of the Wnt
signalling pathway. J Cell Sci. 2003; 116: 2627–34.

33. Van Raay TJ, Vetter ML. Wnt/frizzled signaling dur-
ing vertebrate retinal development. Dev Neurosci.
2004; 26: 352–8.

34. De Langhe SP, Sala FG, Del Moral PM, Fairbanks

TJ, Yamada KM, Warburton D, Burns RC, Bellusci

S. Dickkopf-1 (DKK1) reveals that fibronectin is a
major target of Wnt signaling in branching morpho-
genesis of the mouse embryonic lung. Dev Biol.
2005; 277: 316–31.

35. McMahon AP, Bradley A. The Wnt-1 (int-1) proto-
oncogene is required for development of a large
region of the mouse brain. Cell. 1990; 62: 1073–85.

36. McMahon AP, Gavin BJ, Parr B, Bradley A,

McMahon JA. The Wnt family of cell signalling 

© 2008 The Authors
Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



J. Cell. Mol. Med. Vol 12, No 2, 2008

405

molecules in postimplantation development of the
mouse. Ciba Found Symp. 1992; 165: 199–212.

37. Mastick GS, Fan CM, Tessier-Lavigne M,

Serbedzija GN, McMahon AP, Easter SS, Jr. Early
deletion of neuromeres in Wnt-1-/- mutant mice: eval-
uation by morphological and molecular markers. J
Comp Neurol. 1996; 374: 246–58.

38. Ikeya M, Lee SM, Johnson JE, McMahon AP,Takada

S. Wnt signaling required for expansion of neural crest
and CNS progenitors. Nature. 1997; 389: 966–70.

39. Liu P, Wakamiya M, Shea MJ, Albrecht U,

Behringer RR, Bradley A. Requirement for Wnt3 in
vertebrate axis formation. Nat Genet. 1999; 22:
361–5.

40. Barrow JR, Thomas KR, Boussadia-Zahui O,

Moore R, Kemler R, Capecchi MR, McMahon AP.

Ectodermal Wnt3/beta-catenin signaling is required
for the establishment and maintenance of the apical
ectodermal ridge. Genes Dev. 2003; 17: 394–409.

41. Greco TL,Takada S, Newhouse MM, McMahon JA,

McMahon AP, Camper SA. Analysis of the vestigial
tail mutation demonstrates that Wnt-3a gene dosage
regulates mouse axial development. Genes Dev.
1996; 10: 313–24.

42. Yoshikawa Y, Fujimori T, McMahon AP, Takada S.

Evidence that absence of Wnt-3a signaling promotes
neuralization instead of paraxial mesoderm develop-
ment in the mouse. Dev Biol. 1997; 183: 234–42.

43. Lee SM,Tole S, Grove E, McMahon AP. A local Wnt-
3a signal is required for development of the mam-
malian hippocampus. Development. 2000; 127:
457–67.

44. Stark K, Vainio S, Vassileva G, McMahon AP.

Epithelial transformation of metanephric mes-
enchyme in the developing kidney regulated by Wnt-
4. Nature. 1994; 372: 679–83.

45. Vainio S, Heikkila M, Kispert A, Chin N, McMahon

AP. Female development in mammals is regulated by
Wnt-4 signalling. Nature. 1999; 397: 405–9.

46. Yamaguchi TP, Bradley A, McMahon AP, Jones S.

A Wnt5a pathway underlies outgrowth of multiple
structures in the vertebrate embryo. Development.
1999; 126: 1211–23.

47. Li C, Xiao J, Hormi K, Borok Z, Minoo P. Wnt5a par-
ticipates in distal lung morphogenesis. Dev. Biol.
2002; 248: 68–81.

48. Parr BA, McMahon AP. Sexually dimorphic develop-
ment of the mammalian reproductive tract requires
Wnt-7a. Nature. 1998; 395: 707–10.

49. Shu W, Jiang YQ, Lu MM, Morrisey EE. Wnt7b reg-
ulates mesenchymal proliferation and vascular devel-
opment in the lung. Development. 2002; 129:
4831–42.

50. Majumdar A, Vainio S, Kispert A, McMahon J,

McMahon AP. Wnt11 and Ret/Gdnf pathways coop-

erate in regulating ureteric branching during
metanephric kidney development. Development.
2003; 130: 3175–85.

51. Lyuksyutova AI, Lu CC, Milanesio N, King LA,

Guo N,Wang Y, Nathans J,Tessier-Lavigne M, Zou

Y. Anterior-posterior guidance of commissural axons
by Wnt-frizzled signaling. Science. 2003; 302:
1984–8.

52. Wang Y, Thekdi N, Smallwood PM, Macke JP,

Nathans J. Frizzled-3 is required for the develop-
ment of major fiber tracts in the rostral CNS. J
Neurosci. 2002; 22: 8563–73.

53. Wang Y, Huso D, Cahill H, Ryugo D, Nathans J.

Progressive cerebellar, auditory, and esophageal
dysfunction caused by targeted disruption of the friz-
zled-4 gene. J Neurosci. 2001; 21: 4761–71.

54. Robitaille J, MacDonald ML, Kaykas A, Sheldahl

LC, Zeisler J, Dube MP, Zhang LH, Singaraja RR,

Guernsey DL, Zheng B, Siebert LF, Hoskin-Mott

A, Trese MT, Pimstone SN, Shastry BS, Moon RT,

Hayden MR, Goldberg YP, Samuels ME. Mutant
frizzled-4 disrupts retinal angiogenesis in familial
exudative vitreoretinopathy. Nat Genet. 2002; 32:
326–30.

55. Xu Q, Wang Y, Dabdoub A, Smallwood PM,

Williams J, Woods C, Kelley MW, Jiang L, Tasman

W, Zhang K, Nathans J. Vascular development in
the retina and inner ear: control by Norrin and
Frizzled-4, a high-affinity ligandreceptor pair. Cell.
2004; 116: 883–95.

56. Ishikawa T, Tamai Y, Zorn AM, Yoshida H, Seldin

MF, Nishikawa S, Taketo MM. Mouse Wnt receptor
gene Fzd5 is essential for yolk sac and placental
angiogenesis. Development. 2001; 128: 25–33.

57. Sumanas S, Strege P, Heasman J, Ekker SC. The
putative wnt receptor Xenopus frizzled-7 functions
upstream of betacatenin in vertebrate dorsoventral
mesoderm patterning. Development. 2000; 127:
1981–90.

58. Mukhopadhyay M, Shtrom S, Rodriguez-Esteban

C, Chen L,Tsukui T, Gomer L, Dorward DW, Glinka

A, Grinberg A, Huang SP, Niehrs C, Belmonte JC,

Westphal H. Dickkopf1 is required for embryonic
head induction and limb morphogenesis in the
mouse. Dev Cell. 2001; 1: 423–34.

59. Mukhopadhyay M, Gorivodsky M, Shtrom S,

Grinberg A, Niehrs C, Morasso MI, Westphal H.

Dkk2 plays an essential role in the corneal fate of the
ocular surface epithelium. Development. 2006; 133:
2149–54.

60. Li X, Liu P, Liu W, Maye P, Zhang J, Zhang Y, Hurley

M, Guo C, Boskey A, Sun L, Harris SE, Rowe DW,

Ke HZ, Wu D. Dkk2 has a role in terminal osteoblast
differentiation and mineralized matrix formation. Nat
Genet. 2005; 37: 945–52.

© 2008 The Authors
Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



406

61. Kato M, Patel MS, Levasseur R, Lobov I, Chang

BH, Glass DA 2nd, Hartmann C, Li L, Hwang TH,

Brayton CF, Lang RA, Karsenty G, Chan L. Cbfa1-
independent decrease in osteoblast proliferation,
osteopenia, and persistent embryonic eye vascular-
ization in mice deficient in Lrp5, a Wnt coreceptor. J
Cell Biol. 2002; 157: 303–14.

62. He X, Semenov M, Tamai K, Zeng X. LDL receptor
related proteins 5 and 6 in Wnt/beta catenin signal-
ing: ARROWS point the way. Development. 2004;
131: 1663-77.

63. Pinson KI, Brennan J, Monkley S, Avery BJ,

Skarnes WC. An LDL-receptor-related protein medi-
ates Wnt signalling in mice. Nature. 2000; 407:
535–8.

64. Kazanskaya O, Glinka A, Niehrs C. The role of
Xenopus dickkopf1 in prechordal plate specification
and neural patterning. Development. 2000; 127:
4981–92.

65. Nakamura T, Sano M, Songyang Z, Schneider MD.

A Wnt- and beta-catenin-dependent pathway for
mammalian cardiac myogenesis. Proc Natl Acad Sci
USA. 2003; 100: 5834–9.

66. Koyanagi M, Haendeler J, Badorff C, Brandes RP,

Hoffmann J, Pandur P, Zeiher AM, Kuhl M,

Dimmeler S. Non-canonical Wnt signaling enhances
differentiation of human circulating progenitor cells to
cardiomyogenic cells. J Biol Chem. 2005; 280:
16838–42.

67. Yamashita JK, Takano M, Hiraoka-Kanie M,

Shimazu C, Peishi Y,Yanagi K, Nakano A, Inoue E,

Kita F, Nishikawa S. Prospective identification of
cardiac progenitors by a novel single cell-based car-
diomyocyte induction. FASEB J. 2005; 19: 1534–6.

68. Schneider VA, Mercola M. Wnt antagonism initiates
cardiogenesis in Xenopus laevis. Genes Dev. 2001;
15: 304–15.

69. Barandon L, Couffinhal T, Ezan J, Dufourcq P,

Costet P, Alzieu P, Leroux L, Moreau C, Dare D,

Duplaa C. Reduction of infarct size and prevention of
cardiac rupture in transgenic mice overexpressing
FrzA. Circulation. 2003; 108: 2282–9.

70. Olson EN, Schneider MD. Sizing up the heart:
development redux in disease. Genes Dev. 2003; 17:
1937–56.

71. Foley AC, Mercola M. Heart induction by Wnt antag-
onists depends on the homeodomain transcription
factor Hex. Genes Dev. 2005; 19: 387–96.

72. Okubo T, Hogan BL. Hyperactive Wnt signaling
changes the developmental potential of embryonic
lung endoderm. J Biol. 2004; 3: 11.

73. Dean CH, Miller LA, Smith AN, Dufort D, Lang RA,

Niswander LA. Canonical Wnt signaling negatively
regulates branching morphogenesis of the lung and
lacrimal gland. Dev Biol. 2005; 286: 270–86.

74. Reya T, Clevers H. Wnt signalling in stem cells and
cancer. Nature. 2005; 434: 843–50.

75. Huelsken J, Vogel R, Erdmann B, Cotsarelis G,

Birchmeier W. beta-Catenin controls hair follicle
morphogenesis and stem cell differentiation in the
skin. Cell. 2001; 105: 533–45.

76. Ito M, Yang Z, Andl T, Cui C, Kim N, Millar SE,

Cotsarelis G. Wnt-dependent de novo hair follicle
regeneration in adult mouse skin after wounding.
Nature. 2007; 447: 316–20.

77. Staal FJ, Clevers HC. WNT signalling and
haematopoiesis: a WNT-WNT situation. Nat Rev
Immunol. 2005; 5: 21–30.

78. Clevers H. Wnt/beta-catenin signaling in develop-
ment and disease. Cell. 2006; 127: 469–80.

79. Korinek V, Barker N, Moerer P, van Donselaar E,

Huls G, Peters PJ, Clevers H. Depletion of epithelial
stem-cell compartments in the small intestine of mice
lacking Tcf-4. Nat Genet. 1998; 19: 379–83.

80. Moon RT, Kohn AD, De Ferrari GV, Kaykas A. WNT
and beta-catenin signalling: diseases and therapies.
Nat Rev Genet. 2004; 5: 691–701.

81. Miyaoka T, Seno H, Ishino H. Increased expression
of Wnt-1 in schizophrenic brains. Schizophr Res.
1999; 38: 1–6.

82. Niemann S, Zhao C, Pascu F, Stahl U, Aulepp U,

Niswander L, Weber JL, Muller U. Homozygous
WNT3 mutation causes tetra-amelia in a large consan-
guineous family. Am J Hum Genet. 2004; 74: 558–63.

83. Jordan BK, Shen JH, Olaso R, Ingraham HA,

Vilain E. Wnt4 overexpression disrupts normal testic-
ular vasculature and inhibits testosterone synthesis
by repressing steroidogenic factor 1/beta-catenin
synergy. Proc Natl Acad Sci USA. 2003; 100:
10866–71.

84. Toomes C, Bottomley HM, Jackson RM, Towns

KV, Scott S, Mackey DA, Craig JE, Jiang L,Yang Z,

Trembath R, Woodruff G, Gregory-Evans CY,

Gregory-Evans K, Parker MJ, Black GC, Downey

LM, Zhang K, Inglehearn CF. Mutations in LRP5 or
FZD4 underlie the common familial exudative vitreo-
retinopathy locus on chromosome 11q. Am J Hum
Genet. 2004; 74: 721–30.

85. Gong Y, Slee RB, Fukai N, Rawadi G, Roman-

Roman S, Reginato AM, Wang H, Cundy T,

Glorieux FH, Lev D, Zacharin M, Oexle K,

Marcelino J, Suwairi W, Heeger S, Sabatakos G,

Apte S, Adkins WN, Allgrove J, Arslan-Kirchner M,

Batch JA, Beighton P, Black GC, Boles RG, Boon

LM, Borrone C, Brunner HG, Carle GF,

Dallapiccola B, De Paepe A, Floege B, Halfhide

ML, Hall B, Hennekam RC, Hirose T, Jans A,

Juppner H, Kim CA, Keppler-Noreuil K,

Kohlschuetter A, LaCombe D, Lambert M, Lemyre

E, Letteboer T, Peltonen L, Ramesar RS,

© 2008 The Authors
Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



J. Cell. Mol. Med. Vol 12, No 2, 2008

407

Romanengo M, Somer H, Steichen-Gersdorf E,

Steinmann B, Sullivan B, Superti-Furga A,

Swoboda W, van den Boogaard MJ, Van Hul W,

Vikkula M, Votruba M, Zabel B, Garcia T, Baron R,

Olsen BR, Warman ML. Osteoporosis-
Pseudoglioma Syndrome Collaborative Group. LDL
receptor-related protein 5 (LRP5) affects bone accru-
al and eye development. Cell. 2001; 107: 513–23.

86. Boyden LM, Mao J, Belsky J, Mitzner L, Farhi A,

Mitnick MA, Wu D, Insogna K, Lifton RP. High bone
density due to a mutation in LDL-receptor-related
protein 5. N Engl J Med. 2002; 346: 1513–21.

87. Little RD, Carulli JP, Del Mastro RG, Dupuis J,

Osborne M, Folz C, Manning SP, Swain PM, Zhao

SC, Eustace B, Lappe MM, Spitzer L, Zweier S,

Braunschweiger K, Benchekroun Y, Hu X, Adair R,

Chee L, FitzGerald MG, Tulig C, Caruso A, Tzellas

N, Bawa A, Franklin B, McGuire S, Nogues X,

Gong G, Allen KM, Anisowicz A, Morales AJ,

Lomedico PT, Recker SM, Van Eerdewegh P,

Recker RR, Johnson ML. A mutation in the LDL
receptor-related protein 5 gene results in the autoso-
mal dominant highbone-mass trait. Am J Hum Genet.
2002; 70: 11–9.

88. Afzal AR, Rajab A, Fenske CD, Oldridge M, Elanko

N, Ternes-Pereira E, Tuysuz B, Murday VA, Patton

MA, Wilkie AO, Jeffery S. Recessive Robinow syn-
drome, allelic to dominant brachydactyly type B, is
caused by mutation of ROR2. Nat Genet. 2000; 25:
419–22.

89. van Bokhoven H, Celli J, Kayserili H, van

Beusekom E, Balci S, Brussel W, Skovby F, Kerr

B, Percin EF, Akarsu N, Brunner HG. Mutation of
the gene encoding the ROR2 tyrosine kinase causes
autosomal recessive Robinow syndrome. Nat Genet.
2000; 25: 423–6.

90. Soliman AT, Rajab A, Alsalmi I, Bedair SM.

Recessive Robinow syndrome: with emphasis on
endocrine functions. Metabolism. 1998; 47: 1337–43.

91. Patton MA, Afzal AR. Robinow syndrome. J Med
Genet. 2002; 39: 305–10.

92. Schwabe GC,Tinschert S, Buschow C, Meinecke P,

Wolff G, Gillessen-Kaesbach G, Oldridge M, Wilkie

AO, Komec R, Mundlos S. Distinct mutations in the
receptor tyrosine kinase gene ROR2 cause brachy-
dactyly type B. Am J Hum Genet. 2000; 67: 822–31.

93. Liang H, Chen Q, Coles AH, Anderson SJ, Pihan

G, Bradley A, Gerstein R, Jurecic R, Jones SN.

Wnt5a inhibits B cell proliferation and functions as a
tumor suppressor in hematopoietic tissue. Cancer
Cell. 2003; 4: 349–60.

94. Mazieres J, He B, You L, Xu Z, Lee AY, Mikami I,

Reguart N, Rosell R, McCormick F, Jablons DM.

Wnt inhibitory factor-1 is silenced by promoter hyper-

methylation in human lung cancer. Cancer Res.
2004; 64: 4717–20.

95. Suzuki H, Watkins DN, Jair KW, Schuebel KE,

Markowitz SD, Chen WD, Pretlow TP, Yang B,

Akiyama Y, Van Engeland M, Toyota M, Tokino T,

Hinoda Y, Imai K, Herman JG, Baylin SB.

Epigenetic inactivation of SFRP genes allows consti-
tutive WNT signaling in colorectal cancer. Nat Genet.
2004; 36: 417–22.

96. Uematsu K, He B, You L, Xu Z, McCormick F,

Jablons DM. Activation of the Wnt pathway in non
small cell lung cancer: evidence of dishevelled over-
expression. Oncogene. 2003; 22: 7218–21.

97. Kinzler KW, Vogelstein B. Lessons from hereditary
colorectal cancer. Cell. 1996; 87: 159–70.

98. Bienz M, Clevers H. Linking colorectal cancer to Wnt
signaling. Cell. 2000; 103: 311–20.

99. Luo J, Chen J, Deng ZL, Luo X, Song WX, Sharff

KA, Tang N, Haydon RC, Luu HH, He TC. Wnt sig-
naling and human diseases: what are the therapeutic
implications? Lab Invest. 2007; 87: 97–103.

100. Morin PJ. beta-catenin signaling and cancer.
Bioessays. 1999; 21: 1021–30.

101. Polakis P. The oncogenic activation of beta-catenin.
Curr Opin Genet Dev. 1999; 9: 15–21.

102. Aguilera O, Fraga MF, Ballestar E, Paz MF, Herranz

M, Espada J, Garcia JM, Munoz A, Esteller M,

Gonzalez-Sancho JM. Epigenetic inactivation of the
Wnt antagonist DICKKOPF-1 (DKK-1) gene in human
colorectal cancer. Oncogene. 2006; 25: 4116–21.

103. Krishnan V, Bryant HU, Macdougald OA.

Regulation of bone mass by Wnt signaling. J Clin
Invest. 2006; 116: 1202–9.

104. Morvan F, Boulukos K, Clement-Lacroix P, Roman

Roman S, Suc-Royer I, Vayssiere B, Ammann P,

Martin P, Pinho S, Pognonec P, Mollat P, Niehrs C,

Baron R, Rawadi G. Deletion of a single allele of the
Dkk1 gene leads to an increase in bone formation and
bone mass. J Bone Miner Res. 2006; 21: 934–45.

105. Bodine PV, Zhao W, Kharode YP, Bex FJ, Lambert

AJ, Goad MB, Gaur T, Stein GS, Lian JB, Komm

BS. The Wnt antagonist secreted frizzledrelated pro-
tein-1 is a negative regulator of trabecular bone for-
mation in adult mice. Mol. Endocrinol. 2004: 18;
1222–37.

106. Kahler RA, Westendorf JJ. Lymphoid enhancer fac-
tor-1 and �-catenin inhibit Runx2-dependent tran-
scriptional activation of the osteocalcin promoter. J.
Biol. Chem. 2003; 278: 11937–44.

107. DeChiara TM, Kimble RB, Poueymirou WT, Rojas

J, Masiakowski P, Valenzuela DM, Yancopoulos

GD. Ror2, encoding a receptor-like tyrosine kinase, is
required for cartilage and growth plate development.
Nat Genet. 2000; 24: 271–4.

© 2008 The Authors
Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



408

108. Schwabe GC, Trepczik B, Suring K, Brieske N,

Tucker AS, Sharpe PT, Minami Y, Mundlos S. Ror2
knockout mouse as a model for the developmental
pathology of autosomal recessive Robinow syn-
drome. Dev Dyn. 2004; 229: 400–10.

109. Hardt SE, Sadoshima J. Glycogen synthase kinase-
3beta: a novel regulator of cardiac hypertrophy and
development. Circ Res. 2002; 90: 1055–63.

110. Schluter KD, Wollert KC. Synchronization and inte-
gration of multiple hypertrophic pathways in the
heart. Cardiovasc Res. 2004; 63: 367–72.

111. van de Schans VA, van den Borne SW, Strzelecka

AE, Janssen BJ, van der Velden JL, Langen RC,

Wynshaw-Boris A, Smits JF, Blankesteijn WM.

Interruption of Wnt signaling attenuates the onset of
pressure overload-induced cardiac hypertrophy.
Hypertension. 2007; 49: 473–80.

112. Sanbe A, Gulick J, Hanks MC, Liang Q, Osinska H,

Robbins J. Reengineering inducible cardiac-specific
transgenesis with an attenuated myosin heavy chain
promoter. Circ Res. 2003; 92: 609–16.

113. Polakis P. Wnt signaling and cancer. Genes Dev.
2000; 14: 1837–51.

114. Polakis P. The many ways of Wnt in cancer. Curr
Opin Genet Dev. 2007; 17: 45–51.

115. Kinzler KW, Nilbert MC, Su LK,Vogelstein B, Bryan

TM, Levy DB, Smith KJ, Preisinger AC, Hedge P,

McKechnie D. Identification of FAP locus genes from
chromosome 5q21. Science. 1991; 253: 661–5.

116. Nishisho I, Nakamura Y, Miyoshi Y, Miki Y, Ando H,

Horii A, Koyama K, Utsunomiya J, Baba S, Hedge

P. Mutations of chromosome 5q21 genes in FAP and
colorectal cancer patients. Science. 1991; 253: 665–9.

117. Kinzler KW, Vogelstein B. Lessons from hereditary
colorectal cancer. Cell. 1996; 87: 159–70.

118. Liu W, Dong X, Mai M, Seelan RS, Taniguchi K,

Krishnadath KK, Halling KC, Cunningham JM,

Boardman LA, Qian C, Christensen E, Schmidt

SS, Roche PC, Smith DI, Thibodeau SN. Mutations
in AXIN2 cause colorectal cancer with defective mis-
match repair by activating beta-catenin/TCF sig-
nalling. Nat Genet. 2000; 26: 146–7.

119. Morin PJ, Sparks AB, Korinek V, Barker N, Clevers

H, Vogelstein B, Kinzler KW. Activation of beta-
catenin-Tcf signaling in colon cancer by mutations in
beta-catenin or APC. Science. 1997; 275: 1787–90.

120. He B,You L, Uematsu K, Xu Z, Lee AY, Matsangou

M, McCormick F, Jablons DM. A monoclonal anti-
body against Wnt-1 induces apoptosis in human can-
cer cells. Neoplasia. 2004; 6: 7–14.

121. You L, He B, Xu Z, Uematsu K, Mazieres J, Mikami

I, Reguart N, Moody TW, Kitajewski J, McCormick

F, Jablons DM. Inhibition of Wnt-2-mediated signal-
ing induces programmed cell death in non-small-cell
lung cancer cells. Oncogene. 2004; 23: 6170–4.

122. Kim J, You L, Xu Z, Kuchenbecker K, Raz D, He B,

Jablons D. Wnt inhibitory factor inhibits lung cancer cell
growth. J Thorac Cardiovasc Surg. 2007; 133: 733–7.

© 2008 The Authors
Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd


