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Summary

The Dickkopf family is important for embryogenesis and postnatal development and growth. Dkk1 is a strong head
inducer and knockout of this gene leads to absence of anterior head structures, which are predominantly formed
through neural crest migration. During early craniofacial development, Dkkl to Dkk3 show developmentally reg-
ulated expression in a number of elements. However, their expression and roles in late times of craniofacial devel-
opment are largely unknown. This study focuses on the expression profile of DkkI-3 on late embryonic and early
postnatal stages. It was found that Dkks were involved in a variety of craniofacial developmental processes, including
facial outgrowth, myogenesis, osteogenesis, palatogenesis, olfactory epithelium and tooth development; and the
expression persisted to postnatal stage in the muscles and bones. Their expression patterns suggest important roles in
these processes; further study is warranted to elucidate these roles.

Introduction

Dkk genes were identified through the initial charac-
terization of Xenopus Dkkl, a strong head and axis
inducer and a Wnt signalling antagonist (Glinka et al.
1998). Expressed in anterior endomesoderm of the
Spermann organizer, Dkk1 was shown to be sufficient to
induce head formation. Injection of Dkk1 mRNA into
Xenopus embryos induces axes and head formation,
while microinjection of anti-Dkk1 antibody leads to
microcephaly (Glinka et al. 1998). Later, several other
members were also identified. The Dkk family comprises
four members (Dkkl to Dkk4) and a Dkk3-related
protein named Soggy (Kawano and Kypta 2003). Most
members show a role in modulating the Wnt/f-catenin
pathway. Dkk1 is the most extensively studied member.
Dkk1 acts as a strong antagonist of the Wnt/f-catenin
pathway by binding to LRP5/LRP6 components of the
Wnt receptor complex (Mao et al. 2001, Semenov et al.
2001, Kawano and Kypta 2003). Dkk2, however, can
both inhibit and activate Wnt signalling depending on
cellular context (Mao ef al. 2002, Mao and Niehrs
2003). In addition to receptor LRP5/6, Dkk1 and Dkk2
interact with another class of receptor, Krm1 and Krm?2,
which have a synergistic role with Dkks in regulating
Wnt receptor Lrp6 (Davidson et al. 2002, Mao et al.
2002). Dkk4 behaves similar to Dkk1 in Wnt inhibition
and Krm co-operation. Dkk3, on the other hand, binds
neither LRP nor Krm and shows no effect on Wnt/f-

catenin pathway (Mao et al. 2002). Recently, Dkk1 was
shown to be able to act independent of Wnt/f-catenin
pathway (Lee et al. 2004).

Dkk genes are important for embryogenesis. Their
expression is present throughout gastrulation and
organogenesis (Glinka ef al. 1998, Monaghan et al.
1999). As a head inducer, DkkI is critical for anterior
neural plate patterning and forebrain specification
(Hashimoto et al. 2000, Kazanskaya et al. 2000, Shinya
et al. 2000). Dkks are now found to serve broad roles in
multiple developmental processes, involved in the for-
mation of heart, limb, lung, and a number of other
organs (Monaghan et al. 1999, Kazanskaya et al. 2000,
Mukhopadhyay et al. 2001, Grotewold and Ruther
2002a, De Langhe et al. 2005). They also appear
important in many physiological processes in adulthood
(Monaghan et al. 1999, Heller et al. 2003). Dkk1 has
recently been found to be important in stem cell regu-
lation (Horwitz, 2004, Byun et al. 2005). In line with the
oncological role of the Wnt/f-catenin pathway, expres-
sion of DKKs5 is altered in many kind of human cancers
(Wirths et al. 2003, Kurose et al. 2004, Gonzalez-San-
cho et al. 2005).

Besides the critical role of early head induction, Dkks
are also important for subsequent craniofacial
development. In vertebrate, the craniofacial structures
are the most anatomically sophisticated parts and
evolutionary novelty. The most striking feature is the
emergence of neural crest and its contribution to the
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craniofacial development. How this conserved Dkk
signalling is involved in the formation of the evolu-
tionary new elements is a very interesting issue. Evidence
indicates that Dkks are also used in the formation of
the newly emerged layer, the neural crest, and are
important for the formation of craniofacial structures
through participating epithelial-mesenchymal interac-
tion (Monaghan et al. 1999). Knockout of Dkk1 in mice
results in absent of anterior head structures, including
eyes, olfactory placodes, frontonasal and mandibular
processes, and skull derivatives anterior of the parietal
bone (Mukhopadhyay et al. 2001). In line with this,
Dkk1 is expressed in the cranial neural crest, which gives
rise to most of the craniofacial structures (Monaghan
et al. 1999). The molecular mechanism of Dkks in cra-
niofacial development remains to be defined. Expression
of Dkk1-3 is highly regulated in early facial primordia,
palate, tooth, eye, and hair follicles (Monaghan et al.
1999, Ang et al. 2004, Fjeld et al. 2005). However, the
roles and expression of Dkks in late times of develop-
ment are unknown in many of the craniofacial struc-
tures. In order to address the roles of Dkks in the
development of craniofacial elements, a preliminary
expression study of Dkkl to Dkk3 was performed from
E12, the time that most of the craniofacial structures are
being formed in mice, to early postnatal stages.

Materials and methods
Preparation of tissues

All the procedures involving mouse use were approved
by The Animal Welfare Committee of the University of
Bergen. The stage of the embryos was determined by the
day of appearance of vaginal plug and confirmed by
morphological criteria. NMRI Mice were used in this
study. The appearance of a vaginal plug was taken as
day 0 of embryogenesis (E0). Delivery of NMRI mice
takes place at E19, which corresponds to newborn stage
(P0). The mice were killed by cervical dislocation and
decapitation. Embryonic (E) and postnatal (P) mice
(E10 to E18, PO, P3, P5) were dissected in PBS and fixed
in 4% paraformaldehyde (PFA) overnight at 4 °C. Mice
embryos harvested at E14 or older were decalcified with
12.5% EDTA-2.5%PFA in PBS. They were then
dehydrated in a serial of ethanol and embedded in
paraffin. Sagital sections of 7 um from the midline of
mouse heads were cut and mounted, dried overnight at
37 °C and stored at 4 °C.

In situ hybridization

Fragment cDNAs was generated by RT-PCR and
subcloned in pGEM-T easy vector (Fjeld e al. 2005).
33S-labeled sense and anti-sense riboprobes are made
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through in vitro transcription from the linealized cDNA-
containing vectors. Following transcription, cDNA
templates were digested with RNase-free DNase 1.
Riboprobes were quantified in a liquid scintillation
analyzer.

Sagital sections of mouse head were deparaffinized in
xylene, rehydrated through serial ethanol, washed in
PBS, treated for 30 min with proteinase K (Promega
Corp., Madison, WI, USA), post-fixed in 4% PFA for
30 min, followed by 1 min in PBS containing glycine at
2 mg/ml. After 25 min washes in PBS, the sections were
acetylated with freshly prepared 0.25% acetic anhydride
in 0.1 M triethanolamine-HCl (pH 8) for 10 min at
room temperature, followed by 2 water washes of 5 min
each. The sections were dehydrated by dipping in a
series of ethanol solutions (30, 50, 70 and 95%) for 30 s
each, air-dried, and used for hybridization. The probes
was pipetted onto the sections and covered with para-
film. The sections were hybridized for about 15 h at
55 °C. Following hybridization, the sections were
washed under high stringent conditions with 20 mM
DTT in 50% formamide and 2x SSC for 1 h at 65 °C.
Unhybridized probe was digested with RNase A at
37 °C for 20 min. The sections were then washed for 1 h
at 55 °C in 0.1x SSC, dehydrated in 70% ethanol, air-
dried, and exposed to X-ray film overnight. They were
then dipped in NTB-2 emulsion (Eastman Kodak, New
Haven, CT, USA) for autoradiography, exposed for 2—
4 week at 4 °C depending on the signal intensity on the
X-ray film, and developed in D-19 (Kodak). Finally, the
sections were counterstained with haematoxylin and
mounted with Depex. No specific signal was detected in
sections hybridized with the control sense probes.

Image processing

Images were taken with a SPOT Insight digital camera
(Diagnostic Instruments, Sterling Heights, MI, USA)
mounted on a Zeiss Axioskop2 microscope (Carl Zeiss
Jena GmbH, Jena, Germany). The bright-field and
dark-field images of each section were digitized sepa-
rately and processed with Adobe Photoshop 6.0 soft-
ware (Adobe Systems, San Jose, CA, USA). Signals
from dark field were pseudocoloured to red and imposed
into the bright field.

Results

Consistent with a previous study (Monaghan et al.
1999), Dkkl was highly expressed in the lower part
of the nasal septum below vomeronasal organ at E12,
where it would fuse with the primary palate and paired
palatal shelves (Figure 1A). The earlier study also
showed that the expression was only located on the left—
right sides (Monaghan et al. 1999). Dkk1 was also found
in the ventral plate of the brain and the notochord in the
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Figure 1. DkkI expression in developing face. At E12, Dkkl was seen in the mesenchyme of the first branchial arch (A, arrows), lower region of
vomeronasal organ (A, arrow head), notochord (B, arrow), and ventral plate of the brain (B, arrow head). At E13, its expression was restricted to
the sub-epithelial mesenchyme in the frontonasal mass (C, arrows) and intensified in the lower part of the vomer (D, arrow). It was also highly
present in the squamous occipital precursors at E13 (E, arrow). Dkkl appeared in the oral epithelia, developing tongue, and perichondral
mesenchyme of Meckel cartilage at E14 (F, G, arrows). It was also expressed in the olfactory epithelium from E14 (H, arrow). At E15, it was seen in
the migrated cells in the basioccipital cartilage (I, arrow). At E16, it was highly expressed in the osteogenic cells in the mandible (J, arrow head); it
was also detected in individual chondrocytes within the Meckel cartilage (J, arrows). From late embryogenesis Dkkl was highly expressed in the
muscles of the tongue and the craniofacial bones (K, L, M, N). Expression was detected in both intramembranous bones, i.e. palatine bone
(L, arrows), and endochondral basicranium (M, arrows). Scale bar represents 200 pum; scale bar in (A) applies to (A, B, C, D, E, G, and H); scale
bar in (F) applies to (I, K, L, M, and N). b: brain; eth: ethmoid; fr: frontonasal mass; ma: mandibular arch; man: mandible; me: Meckel cartilage;
n: notochord; na: nasal cartilage; nc: nasal cavity; no: notochord; pa: palate; pi: pituitary gland; pp: primary palate; oc: occipital; sos: sphenoid—
occipital synchondrosis; sp: secondary palate; sph: sphenoid; t: tongue; v: vomer.

area of basioccipital precursor (Figure 1B). Dkkl
expression in the mesenchyme of the first branchial arch
continued during E12 and E13, but was restricted to the
rostra area (Figure 1A, C). In the maxillary arch, it was
located in the mesenchyme that was directly underneath
the overlying ectoderm (Figure 1C). The expression of
Dkk1 in the lower part of nasal septum was intensified
during E12 and E13 (Figure 1A, D). At E13, it was also

observed in the precursor of squamous occipital bone
(Figure 1E). At E14, it appeared in the epithelia of the
primary and secondary palate, ventral tongue, oral
floor, and nasal cavity at a high level (Figure 1F, G, H).
It was also seen in the perichondria of the chondrocra-
nium and the perichondral mesenchyme of the Meckel
cartilage (Figure 1G). From this time, Dkk/ transcripts
start to be clustered within the tongue (Figure 1G); this
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expression was upregulated and maintained in sub-
sequent development (Figure 1K, N). High expression
was also observed in osteogenic cells of both endo-
chondral and intramembranous bones from late
embryogenesis (Figure 11, J). In the intramandubular
part of Meckel cartilage, Dkk1 was also localized in the
differentiated chondrocytes (Figure 1J). At postnatal
stage, Dkkl was mainly seen in the tongue and bones
(Figure 1L, M, N). In sagital sections, it was particu-
larly clear in the palatine bone, calvaria, and basicra-
nium (Figure 1L, M).

Dkk2 was highly expressed in the epithelia and
underlining mesenchyme in the cranial vault at E12
(Figure 2A). It was also seen in the first branchial mes-
enchyme adjacent to the facial epithelia. At E13, it was
observed in the perichondrium in the anterior chondro-
cranium (Figure 2B). From E14 transcripts also clus-
tered within the tongue. At E16, Dkk2 appeared in the
olfactory epithelia in nasal cavities (Figure 2C). Tran-
scripts were predominantly located in the cells of the
basal layer (Figure 2C). Thereafter, Dkk2 expression was
mainly seen in the muscles of the tongue (Figure 2D).

Dkk3 showed weak and restricted expression in
comparison to Dkkl and Dkk2. It overlapped with
Dkkl and Dkk2 in the frontonasal mesenchyme,
whereas absent from the mandibular arch at E12 and
E13 (Figure 2E). It was also expressed in the occipital—
vertebral joint during E13 to E14 (Figure 2F). Its tran-
scripts were barely detectable in the perichondral area in
the anterior chondrocranium as well (data not shown).
Thereafter, it was mainly expressed in the developing
tongue and oral epithelia (Figure 2G, H).

Discussion

Recent studies provide evidence that Dkks are impor-
tant participants in the development of a number of
craniofacial structures like eye and tooth (Ang et al.
2004, Fjeld et al. 2005). Study on early stage showed
that they are also present in other craniofacial elements,
where its roles remain to be defined (Monaghan et al.
1999). This study focused on Dkk expression at late
times of craniofacial development to test whether these
genes are still acting after initial pattern and induction
process. The results show that Dkki/—3 show both
overlapping and differing expression during craniofacial
development. Generally, Dkkl shows a widespread
expression, while Dkk2 overlaps to DkkI in many sites;
expression of Dkk3 is restricted. The spatiotemporal
expression of Dkks implicates important roles in multi-
ple processes.

A major finding of this study is the high and contin-
uous expression of Dkks in craniofacial muscles from
the time of differentiation, as clearly seen in the tongue.
The tongue is formed through outgrowth and midline
fusion of paired lateral lingual swellings and a median
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Figure 2. Dkk2 and Dkk3 expression in the developing face. At E12,
Dkk2 was seen in the sutural mesenchyme and the epithelia of the
calvaria (A, arrows). At E13, it was seen in the first branchial mes-
enchyme and anterior chondrocranium (B). Dkk2 transcripts were
clustered in the olfactory epithelia at E16 (C, arrows). Postnatally, it
was seen in the tongue (D). Dkk3 was only seen in the frontonasal mass
in the first branchial arch (E). At E13, it was moderately expressed in
the occipital-vertebral joint (F, arrow). At El4, it appeared in the
epithelium of the oral floor (G, arrow). Later it was expressed in the
tongue (H). Scales bar represents 200 pm. Scale bar in (A) applies to
(A, B, C, D, H). Scale bar in (E) applies to (F, G). Arrows indicate the
expression. b: brain; fr: frontonasal mass; na: nasal cartilage; oc:
occipital bone; t: tongue.

eminence. The early tongue bud undergoes vigorous cell
proliferation and expansion at early stage (Nie 2005).
Myogenic differentiation starts from around E15 in
tongue, earlier than trunk muscles (Shuler and Dal-
rymple 2001). All the studied Dkks show high expression
within the tongue from E14 and the expression is
upregulated in subsequent development, overlapping to
the decreased proliferation and increased myogenic
differentiation in the tongue muscles. Dkk1 was shown a
negative role in myogenesis by a functional study, in
which mRNA microinjection of Dkkl1 inhibits head
muscle differentiation and leads to small musculature in
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Xonoplus (Glinka et al. 1998). This role is most likely
through its anti- Wnt effect, for Wnt signalling is com-
monly a positive regulator of cell proliferation. It should
be noted that members of the Wnt family were found to
be functional divergent in regulating myogenic differ-
entiation in avian (Anakwe et al. 2003), and the Wnt
signalling shows distinct roles in regulating myogenesis
in the trunk and head (Tzahor et al. 2003). In the cra-
niofacial region, evidence suggests that inhibition of
Wnt signalling by Frzb is required for cranial skeletal
myogenesis (Tzahor ef al. 2003). In subsequent devel-
opment, Wnts undoubted play a role in regulating
myogenic differentiation, and the expression of Dkks
also suggested an important role in this process.
Therefore, it appears that Dkk modulated Wnt signal-
ling is an important mechanism in regulating the pace of
myogenic cell proliferation and differentiation. Over-
lapping expression pattern and knockout approach
suggests functional redundancies among Dkks in myo-
genic differentiation in muscles (Li et al. 2005).

A major function of Dkks in craniofacial develop-
ment is to regulate osteogenesis and bone homeostasis,
as suggested by this study and other functional analysis.
Both Dkkl and Dkk2 show high and widespread
expression in craniofacial bones during development.
Even though Dkk1 and Dkk2 are closely related to each
other, evidence indicates that they have divergent roles
in osteogenesis. Dkkl appears to be a negative regulator
of osteogenesis by inhibiting Wnt/f-catenin pathway. In
human multiple myeloma, expression of DKKI in
tumour cells was shown to be responsible for osteolytic
lesions (Tian et al. 2003). Deficiency of DKK1 activity
due to a mutation in Wnt receptor LPRS is the cause of
a high bone mass disorder in humans, characterized by a
thickened mandible and palatine bone (Boyden et al.
2002, Little et al. 2002). Dkk2, on the other hand, is a
positive regulator of osteogenesis. Dkk2 null mice are
osteopenic and do not have increased bone mass, con-
trary to the conventional prediction (Li et,al. 2005). In
further analysis, these authors demonstrated that Dkk2
is a stimulator of osteogenic differentiation (Li et al.
2005). Dkk2 is also seen in the suture mesenchyme of the
cranial vault, indicating a role in the formation and
regulation of the calvarial sutures. Clearly, Dkk1 and
Dkk?2 are critical players in maintaining the pace of
osteogenic cell differentiation by differently modulating
the Wnt/f-catenin pathway and other unknown mech-
anisms during bone development and growth. The
mechanism of different functions of Dkk1 and Dkk2 in
regulating bone development remains to be elucidated.
These functions of Dkks raise the possibility of treating
and preventing osteoporosis through regulating Dkk
expression level. In addition, Dkkl is transitory
observed in hypertrophic chondrocytes during endo-
chondral ossification of the basicranium and intraman-
dibular part of the Meckel cartilage. These chondrocytes
undergo apoptosis in subsequent development. Dkks
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have a role in apoptosis in limb development (Grote-
wold and Ruther 2002b); whether it is a apoptotic signal
to chondrocytes needs further investigation.

Dkks also showed a widespread expression in the oral
epithelia. This is particular clear in the oral floor and
nasal olfactory epithelia. In the olfactory epithelia, Dkk 1
and Dkk2 transcripts were widely clustered at late
embryonic stage, while Dkk3 was not observed. Olfac-
tory epithelia is enriched in neural stem cells and char-
acterized of being capable of regeneration after injury
(Murrell et al. 2005). Thus, this site provides an impor-
tant source of human stem cells for potential clinical
therapy. So far, the roles of Dkks in olfactory epithelium
development have not been studied. Whether Dkks have
a specific role in regulating sensory neural progenitor
differentiation within the olfactory epithelia or just show
a role in epithelia development in general is unknown.
Widespread expression throughout the oral epithelia also
suggests a role in epithelial specification. Recent evidence
suggests that Dkk1 is important for stem cell regulation
(Horwitz 2004, Byun et al. 2005). The epithelia is enri-
ched with stem cells, thus Dkks might also regulate the
stem cell differentiation in the epithelia.

Dkk1 was observed in the mesenchyme of early palate
before fusion (Monaghan et al. 1999). Here the author
observed a high expression in the epithelia of both pri-
mary and secondary palate around the period of palatal
fusion, and its expression below vomeronasal organ
continued until the time of palatal fusion. The expres-
sion of Dkkl in restricted regions of nasal septum is an
interesting observation. These parts of nasal septum fuse
to the palatal shelves of the secondary palate. Thus, it is
tempting to speculate that Dkk1, specifically expressed
in the lower part of nasal septum, is a guiding signal for
the fusion of the palatal shelves and vomer.

In this study, Dkkl was found in the notochord and
ventral plate of the brain. In line with this expression,
functional studies showed that Dkk! is not essential for
notochord development but enhances its formation
(Glinka et al. 1998, Kazanskaya et al. 2000). Notochord
is an important structure that defines the formation of
axial structures. Dkkl1, as a strong antagonist of the
Wnt/f-catenin pathway, might also play a role in the
induction of its related structures. In the notochord,
other critical signal such as Shh is also intensely
expressed. It is still not clear how these signals interact
to coordinate the induction process.

To sum up, Dkks are involved in craniofacial devel-
opment in multiple stages. Their expression in cranio-
facial eclements is developmentally regulated. At
embryonic stage, Dkks are present in many kinds of
tissues and organs such as the olfactory epithelia, palate,
muscles, bones, and tooth. Postnatally, they are mainly
present in bones and muscles suggesting long-term roles
in regulating these tissues. The function and molecular
mechanism need to be further elucidated in future
studies.
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