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Abstract 

During segmentation (somitogenesis) in vertebrate embryos, somites form in a 

rostral to caudal sequence according to a species-specific rhythm, called the 

somitogenesis clock.  The expression of genes participating in somitogenesis oscillates in 

the presomitic mesoderm (PSM) in time with this clock.  We previously reported that the 

Dact1 gene (aka Dpr1/Frd1/ThyEx3), which encodes a Dishevelled-binding intracellular 

regulator of Wnt signaling, is prominently expressed in the PSM as well as in a caudal-

rostral gradient across the somites of mouse embryos.  This observation led us to examine 

whether Dact1 expression oscillates in the PSM.  We have found that Dact1 PSM 

expression does indeed oscillate in time with the somitogenesis clock.  Consistent with its 

known signaling functions and with the “clock and wavefront” model of signal regulation 

during somitogenesis, the oscillation of Dact1 occurs in phase with the Wnt signaling 

component Axin2, and out of phase with the Notch signaling component Lfng.



Introduction 

 Vertebrates are segmented organisms whose vertebrae, ribs, muscles, and dermis 

innervated by each spinal nerve are embryonically derived from packets of mesoderm 

called somites. Bilateral pairs of somites bud in a rostral to caudal sequence from the 

presomitic mesoderm (PSM), which is formed from mesoderm arising initially by 

gastrulation at the primitive streak, and at late stages in the tail bud. The time interval 

between the budding of each new pair of somites varies according to the animal species 

and has been termed the somitogenesis clock.  For example, in mouse embryos the 

somitogenesis clock takes approximately 2 hours to complete a full cycle, that is the time 

between the generation of successive somites (Forsberg et al., 1998; Iulianella et al., 

2003; Giudicelli and Lewis, 2004). 

Expression of the Notch signaling inhibitor Lunatic fringe (Lfng) as well as that of 

several other Notch signaling molecules and target genes cycles rhythmically in the PSM 

(McGrew et al., 1998; Forsberg et al., 1998; Aulehla and Johnson, 1999; Bessho et al., 

2001; Pourquié, 2003a).  Levels of Axin2, a cytoplasmic inhibitor of the Wnt/ß-catenin 

pathway, also cycle in the PSM, but out of phase with Lfng (Aulehla et al., 2003). This 

observation of reciprocal expression cycling between Lfng and Axin2, in combination 

with phenotypes in Notch and Wnt loss and gain of function experiments (Greco et al., 

1996; Evrard et al., 1998; Zhang and Gridley, 1998; Hamblet et al., 2002; Serth et al., 

2003; Dale et al., 2003) supports a “clock and wavefront” model of somitogenesis 

(Cooke and Zeeman, 1976) in which Notch and Wnt signaling alternate in the PSM via 

delayed negative feedback (Pourquié, 2003a; Aulehla and Herrmann, 2004).  According 

to this model, as presomitic cells mature and migrate rostrally within the PSM they 



experience alternating cycles of high Notch and Wnt signal transduction, while a gradient 

of Wnt3a originating caudally from the tail bud establishes the “determination front”: the 

point at which the most anterior “presomite” pinches off from the PSM to form a new 

somite (Aulehla et al., 2003; Pourquié, 2003a).  The complementary cyclical expression 

patterns of Wnt signaling inhibitors (i.e. Axin2) and Notch signaling inhibitors (i.e. Lfng) 

has led to the hypothesis that oscillations in levels of such inhibitors creates an offset 

between peaks in Wnt and Notch signal transduction in PSM cells, via signal pathway 

cross-talk at the level of the Dishevelled (Dvl) protein, combined with delayed negative 

feedback (Aulehla et al., 2003). 

 We previously compared embryonic expression levels and patterns of the three 

murine members of the Dact (Dpr/Frd) gene family, which encode conserved Dvl-

binding regulators of Wnt signaling (Fisher et al., 2006).  Compared to its paralogs, 

Dact1 is uniquely expressed at high levels in the PSM.  This led us to examine whether 

Dact1 exhibits cycles of expression in the PSM, and if so, whether such cycles of Dact1 

occur in phase with the somitogenesis cycling of the Wnt signaling inhibitor Axin2, or

instead with the Notch signaling inhibitor, Lfng.

Results and Discussion 

Dact1 expression in the PSM is dynamic and consistent with somitogenesis cycling

We performed whole-mount in situ hybridization (WISH) using a Dact1 specific 

probe on embryonic day (E) 9.0-9.5 mouse embryos and examined the distribution of 

Dact1 in the PSM to determine whether patterns observed were consistent with cyclical 

gene expression.  In over 100 embryos examined by this technique, we have observed a 



range of Dact1 expression in the caudal PSM that can be organized into 3 apparent 

phases by analogy with the phase patterns of Axin2 which the Dact1 patterns most closely 

resemble (Pourquié and Tam, 2001, Aulehla et al., 2003).  In a representative sample 

taken from 4 complete litters in the CD1 outbred mouse strain (38 embryos) numbers 

observed in each of these phases correspond to expected ratios based on previous 

descriptions of genes undergoing somitogenesis cycling (Aulehla et al., 2003; Dale et al., 

2003) (Table 1). 

Table 1. Dact1 PSM expression at E9.5:

Phase 1 pattern Phase 2 pattern Phase 3 pattern 
number of embryos  20 9 9 
approximate ratio 2 1 1 

The phases of Dact1 expression that we observe in the PSM can be arranged into 

a cyclical pattern that coincides with the formation of new somites (Fig 1).  In all phases, 

expression is pronounced in the s0 presomite (those cells at the rostral tip of the PSM that 

will pinch off to form the next somite).  In Phase 1, Dact1 expression also extends from 

the caudal tip of the PSM rostrally up to the position of the s-1 presomite (the next somite 

to form after s0), where its expression is low (Fig 1A, B).  In Phase 2, expression of 

Dact1 commences in the s-1 presomite, and the caudal expression of Dact1 recedes, such 

that the band of low expression moves to the s-2 somite (Fig 1C, D). At the juncture 

between Phase 2 and Phase 3, the s0 presomite pinches off from the rostral PSM to 

become the new s1 somite.  At this point the former s-3 becomes the new s-2, the former 

s-2 becomes s-1, and the former s-1 becomes s0 (Fig 1E, H).  In Phase 3, expression is 

strong in s0 but weak throughout the rest of the PSM (Fig 1F).  Expression in the caudal 



PSM then resumes, bringing the PSM back into Phase 1 and completing the cycle (Fig 

1H).   

 

Dact1 cycling in the PSM occurs in phase with Axin2 and out of phase with Lfng

To establish that Dact1 is indeed cycling in the PSM with the somitogenesis 

clock, as well as to compare its pattern of cycling to that of previously described cycling 

genes in the Notch and Wnt signaling pathways, we performed Double-WISH for Dact1 

and either Lfng or Axin2 on E9.5 embryos (Fig 2A, B).  As expected, the expression 

patterns of all three genes varied from embryo to embryo depending on the phase of the 

somitogenesis clock.  The spatial domains of Dact1 and Axin2 expression in the PSM 

overlap and correspond to the same phase, suggesting that these genes cycle together in 

PSM cells.  The degree of spatial overlap in the caudal PSM is especially evident when 

both genes are in Phase 1 (Fig 2A).  In contrast, in any given embryo the Dact1 and Lfng 

patterns correspond to different phases of their cycle, such that their spatial distribution in 

the caudal PSM is most frequently complementary (e.g. Fig 2B, compare with Aulehla et 

al Fig 2G and Dale et al., 2003; by convention, Lfng phases are written in Roman 

numerals; Axin2 and Dact1 phases in Arabic numerals.)  These results are entirely 

consistent with a prior study demonstrating that Lfng and Axin2 have reciprocal cycles of 

expression in the PSM (Aulehla et al., 2003), and show that the cycling of Dact1 in the 

caudal PSM coincides with that of Axin2.

To confirm this result, we also performed WISH for Dact1 versus either Lfng or

Axin2 on paired (L-R) sagittal hemisections from single E9.5 embryos.  This is 

informative because maturation of both sides of a normal vertebrate embryo is tightly 



coordinated; the PSM on each side proceeds through the somitogenesis cycle in 

synchrony with its bilaterally-symmetrical partner (Aulehla et al., 2003; Pourquié, 2003b; 

Vermot and Pourquié, 2005; Saude et al., 2005).  Each embryo was scored for its phase 

of the somitogenesis cycle based on the Axin2 or Lfng WISH pattern from the PSM on 

one side, and this was compared to the phase of Dact1 WISH observed on its other side.  

Consistent with the Double-WISH data, Lfng and Dact1 expression from left and right 

halves of the same embryo correspond to different phases (e.g. Fig 2C vs. C’).  Taken 

together and with previously reported results, our data indicate that when Dact1 

expression in the caudal PSM peaks (Phase 1), Lfng expression in the caudal PSM is 

lowest (Phase III), and that when Dact1 expression is regressing in the caudal PSM 

(Phase 2), Lfng expression is increasing and moving rostrally (Phase I) (Dale et al, 2003).  

In contrast, although the spatial patterns of Dact1 and Axin2 are distinct in many 

locations including the neural tube (where Axin2 is far more prominent) and newly 

formed somites (where Dact1 is far more prominent), these genes are expressed in 

overlapping domains in the rostral presomites and in the caudal PSM.  Using the 

hemisection technique, a range of E9.5 embryos spanning the somitogenesis clock show 

similar patterns of expression for Dact1 and Axin2 in their left and right PSM, especially 

caudally (Fig 2D).  Taken together and with previously reported results, these data 

indicate that Axin2 expression and Dact1 expression wax and wane together in the caudal 

PSM throughout the somitogenesis cycle. 

 That said, although the expression of Dact1 overlaps with that of Axin2 in the 

PSM, it is worth noting that there are potentially important differences as well.  For 

example, whereas Axin2 is always expressed in a tightly restricted domain at the caudal 



edge of the s0 presomite, Dact1 is more uniformly expressed throughout this presomite 

(Fig. 1A-F, 2A,D-F).  In Phase 1 when Axin2 is expressed strongly in the s-2 presomite 

(and further caudally), Dact1 is more weakly expressed at this level of the PSM (Fig. 

2D).  In Phase 2 when Axin2 is expressed most strikingly in the s-1 presomite, Dact1 

expression is still low there compared to s0 (Fig 1C, 2E).  Finally, in Phase 3, when 

Axin2 is expressed in a broad band in the PSM caudal to s-1, Dact1 levels are very low 

throughout this domain (Fig. 1F, 2F). 

 

Implications for Dact1 function in Somitogenesis

We have discovered that Dact1 expression cycles in the PSM during 

segmentation stages in the mouse.  Furthermore, we have shown that unlike Nkd1 

(Ishikawa et al., 2004), which encodes another protein that binds to Dvl (Rousset et al., 

2001), Dact1 gene expression in the PSM cycles in phase with Axin2, which itself is 

transcribed downstream of Wnt/ß-catenin signaling (Jho et al., 2002).  These results 

suggest that like Axin2, the expression of Dact1 in PSM cells is positively regulated by 

cyclical waves of Wnt/ß-catenin signaling.  β-catenin-dependent Axin2 expression in the 

PSM is regulated via conserved TCF/LEF sites located within its promoter and first 

intron (Jho et al., 2002), as is the expression of the Notch ligand Dll1 (Galceran et al., 

2004).  We have identified twelve potential TCF/LEF binding sites in the 5 kb promoter 

region and the first intron of the mouse Dact1 gene, many of which are conserved in the 

human DACT1 locus (Supplemental Fig S1).  The presence of these conserved TCF/LEF 

binding sites in the Dact1 and Axin2 genomic regions, together with the synchronous 

oscillation of these genes in the caudal PSM, suggests the possibility that other Wnt/ß-



catenin-responsive genes regulated by TCF/LEF transcription factors might undergo 

somitogenesis cycling in phase with Dact1 and Axin2.

Observations that the Wnt inhibitor Axin2 cycles out of phase with Notch 

signaling molecules in the PSM, combined with prior evidence that the Wnt signal 

transducer Dvl can inhibit Notch signaling in some contexts (Axelrod et al., 1996), has 

led to a model for the somitogenesis clock involving negative feedback between these 

two signaling pathways (Aulehla et al., 2003; Pourquié, 2003a; Aulehla and Herrmann, 

2004).  This model proposes that when Wnt signaling is high in PSM cells, one activity 

of the Dvl protein is to repress simultaneous Notch signaling, whereas Axin2 serves in a 

delayed feedback loop to cyclically inhibit Wnt signal transduction and disinhibit Notch 

signal transduction.   

 In the context of this molecular model, Dact1, which has been characterized as a 

Wnt/ß-catenin antagonist (Cheyette et al., 2002; Wong et al., 2003; Kakinuma et al., 

2004; Brott and Sokol, 2005; Zhang et al., 2006) might cooperate with Axin2 as both a 

target and an inhibitor of Wnt/ß-catenin signaling.  Such functional redundancy between 

the Dact1 and Axin2 proteins in the PSM could explain why mutations in Axin2 alone do 

not cause defects in somitogenesis (Yu et al., 2005).  However, insertion of Dact1 

alongside Axin2 as part of the clock and wavefront model of somitogenesis is speculative 

because the function of Dact proteins in Wnt/ß-catenin signal regulation is not securely 

established: some studies have indicated that Dact proteins act positively in Wnt/ß-

catenin signaling (Gloy et al., 2002; Hikasa and Sokol, 2004; Waxman et al., 2004).  

Moreover, Dact proteins also regulate non-ß-catenin-dependent forms of Wnt signaling 

(Cheyette et al., 2002; Hikasa and Sokol, 2004; Waxman et al., 2004), which may 



contribute to morphogenetic movements such as those necessary for PSM cell migration 

and to the mesenchymal-epithelial transition in the s0 presomite as it becomes the new s1 

somite (Duband et al., 1987; Nakaya et al., 2004; Hunter et al., 2005).  Further 

elucidation of the role of Dact1 in these and other embryonic processes will be aided by 

phenotypic analysis and signaling assays in targeted mutant mouse lines. 

 

Methods 

Probes for Whole mount mRNA in situ Hybridization (WISH)

Riboprobes were labeled by incorporation of digoxigenin-labeled UTP (DIG 

RNA Labeling Mix, Roche Applied Science, Indianapolis IN).  Sense controls (for 

Dact1) were the same as previously reported (Fisher et al., 2006).  Multiple antisense 

probes were used to validate expression of Dact1, and phasic patterns of expression in the 

PSM were observed with all of them:  

gene probe  nt (numbered from translation start) 
Dact1 “A” 316-692 (Fisher et al., 2006) 
Dact1 “B” 1250-1473 (not previously reported) 
Dact1 “C” 1250-1601 (Fisher et al., 2006) 
Axin2  - 1-2397 (Jho et al., 2002) 
Lfng  - 273-1030 (Cohen et al., 1997) 

WISH Tissue Preparation and Hybridization

Embryos were fixed by immersion in 4% paraformaldehyde in PBS, then dehydrated in 

sequential concentrations of ethanol and stored in 100% ethanol at -20°C.  Prior to 

experimental use, tissue was rehydrated sequentially from ethanol into PBS containing 

0.1% Tween-20.  Embryos were treated with 3% H2O2 in PBT for 1 hr, then washed 

sequentially in: 3 X 5 min PBT, 5 min 10µg/ml proteinase K in PBT, 5 min 2mg/ml 



glycine in PBT, 2 X 5 min PBT, 20 min 4% paraformaldehyde + 0.2% glutaraldehyde in 

PBT, 3 X 5 min PBT.  Tissue was prehybridized for 2 hrs in hybridization solution at 

70°C, followed by hybridization overnight in fresh hybridization solution containing 0.5 

µg/ml digoxigenin labeled RNA probe.  Hybridization solution was 50% formamide, 5X 

SSC pH4.5, 1% SDS, 50µg/ml yeast tRNA, 50µg/ml heparin.  Stringency washes were 

used to remove unbound probe.  These consisted of 2 X 30 min in 50% formamide, 4X 

SSC, 1% SDS at 70ºC, followed by 2 X 30 min in 50% formamide, 2X SSC, 1% SDS at 

70ºC.   

 

Antibody labeling and Colorimetric Development (Single-WISH)

Following hybridization, tissue was washed with MABT (0.1M maleic acid buffer 

pH 7.5 with 0.1% Tween-20) for 2 X 10 min at room temperature.  Tissue was labeled 

with alkaline phosphatase (AP) conjugated 1:4000 anti-digoxigenin (Roche Applied 

Science) overnight at 4°C.  Blocking for 2 hrs and immunolabeling were performed in 

10% heat inactivated sheep serum, 2% BM blocking reagent (Roche Applied Science), in 

MABT.  Following antibody incubation, tissues were washed 5 X 30 min with MABT at 

room temperature.   

 For development reactions, tissue was washed 3 X 10 min in NTMT (0.1 M Tris 

pH 9.5, 0.1 M NaCl, 0.05 M MgCl2, 0.1% Tween-20), and incubated in the dark in 

NBT/BCIP (Bio-Rad) in NTMT.  Incubation times were variable depending on when 

clear development was visible, but usually 4-6 hrs at room temperature (RT). 

 

Hemisection WISH



For hemisection experiments, embryos were collected and fixed as for single 

WISH.  Following rehydration individual embryos were bisected sagittally in PBS using 

etched tungsten micro-needles (Fine Science Tools Inc, North Vancouver, Canada).   The 

halves of each embryo were moved to histology baskets (15mm Netwell Insert, Corning 

Co., Corning NY) and were fixed overnight in 4% paraformaldehyde, then washed 3 X 

10 min PBS. Baskets were kept in adjacent wells and treated as a pair for all subsequent 

hybridization, incubation, and development steps. Antibody labeling and colorimetric 

development were as described for single-WISH and double-WISH.  

 

Double-WISH

Dact1/Axin2: Initial stages of double-WISH were identical to single-WISH until 

the hybridization step.  For double-WISH hybridization, embryos were incubated in 

hybridization solution (as in single WISH) containing two probes: digoxigenin-labeled 

Dact1 and fluorescein-labeled Axin2. Fluorescein labeling of RNA used the same 

procedure as digoxigenin labeling, but with fluorescein RNA labeling mix (Roche 

Applied Science) instead of digoxigenin labeling mix.  Following hybridization, embryos 

underwent stringency washes, blocking, and immunolabeling with anti-digoxigenin Fab 

fragments (Roche Applied Science) at 1:4000 dilution (as in single WISH).  After 5 x 30 

min washes in MABT, double labeled embryos were incubated for development in 0.1M 

Tris pH8.2, 0.1% Tween-20 for 3 x 10 min, followed by incubation in the same buffer 

containing 6 µl/ml each of Vector Blue reagents 1, 2 and 3 (Vector Laboratories, 

Burlingame CA) to detect Dact1 signal. Dact1 signal incubation proceeded for 

approximately 4 hrs in the dark at RT.  Once a desired intensity of color development 



was achieved, embryos were post-fixed for 1 hr at RT in 4% paraformaldehyde in PBS.  

Following post-fixing, residual AP was inactivated by incubation for 1 hr at 65ºC in PBS, 

followed by 15 min in 0.1M glycine pH2.2, 0.1% Tween-20 at RT.  Following AP 

inactivation, blocking and immunostaining steps were repeated using 1:4000 AP-

conjugated anti-fluorescein Fab (Roche Applied Science).  MABT washes and 

development proceeded as previously, but using Vector Red reagents 1, 2 and 3 at 6µl/ml 

(Vector Laboratories) for detection of fluorescein-labeled Axin2. Development time was 

approximately 5 hrs at RT for Axin2. Embryos were post-fixed for 1 hr at RT in 4% 

paraformaldehyde in PBS prior to photography. 

 Dact1/Lfng: Double-WISH was identical to Dact1/Axin2 except for the following 

changes and substitutions.  Lfng probe was digoxigenin-labeled and Dact1 probe was 

fluorescein-labeled.  Lfng signal was developed first, by washing 3 X 10 min in NTMT 

and then incubation in the dark in 75ul INT/BCIP (Roche Applied Sciences)/10 ml 

NTMT.  First post-fixing, AP inactivation, Dact1 signal development, and second post-

fixing were as described above. 

 

Imaging

Samples were photographed at 5.6x magnification on an Olympus SZX7 

microscope equipped with an Olympus DP70 digital camera.  
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Figure Legends 

 

Fig. 1.  Dact1 expression patterns in the PSM at E9.5 (littermates).  A-B. Phase 1: Dact1 

is prominent in the presomite s0 as well as caudally in the PSM up to the position of the 

s-1 presomite, where expression is low. C-D. Phase 2: Dact1 begins to be expressed in s-

1, and the band of low expression shifts caudally to s-2. E. Transition Phase2-Phase 3:  

As a new somite boundary forms (black arrow) to separate the former s0 from the PSM, 

the next Dact1 expressing presomite (former s-1) becomes the new s0 presomite. 

Similarly, the former s-2 presomite becomes the new s-1 presomite, and the former s-3 

presomite becomes s-2. F. Phase 3: Dact1 expression diminishes throughout the PSM 

except for in s0. G. Diagram of the lateral aspect of the E9.5 tail bud as shown in A-F, 

with orientation of the PSM and somites relative to other visible structures. 

Abbreviations: (nt) neural tube, (ua) umbilical artery. H. Cartoon of proposed PSM 

cycling of Dact1 expression and its relationship to new somite formation. Scale bar in A 

= 0.5 mm, magnification equivalent for all photomicrographs. 

 

Fig. 2. Dact1 cycles in phase with Axin2 but out of phase with Lfng A-B. Double-WISH 

for Dact1 and Axin2 (A) or Lfng (B) ; top: photomicrograph, bottom: explanatory diagram. 

A. Dact1 (blue) + Axin2 (red). Expression in the PSM closely coincides except in the 

rostral part of s0 (where Dact1 is exclusively expressed).  Both are in a Phase 1 pattern.  B. 

Dact1 (blue) + Lfng (red). Expression overlaps at the caudal boundaries of the s0 and s-1 

presomites and in s-2.  Dact1 is strongly expressed in the caudal PSM, where Lfng is not 

detected. The Dact1 pattern corresponds to Phase 1 whereas the Lfng pattern corresponds 



to Phase III [Compare to Figure 2G in (Aulehla et al., 2003)]. C, C’. Hemisection WISH 

comparing Dact1 to Lfng on left-right halves of a single embryo; top: photomicrograph, 

bottom: explanatory diagram. C. Dact1 (left side). Phase 2, characterized by onset of 

weak expression in s-1 and recession of caudal PSM staining such that expression is 

undetectable at the s-2 position (see also Fig 1C,H). C’. Lfng (right side). Phase I, 

characterized by expression in s-1 plus weak expression caudally in the PSM (Dale et al, 

2003).  n.b.: For hemisection experiments, only one side (the left side in this case) includes 

the neural tube (nt) which does not express Dact1, but does express Axin2 (below).  D-F. 

Hemisection WISH series comparing Dact1 to Axin2 on the left vs. right sides of single 

embryos. D. Phase 1; E. Phase 2; F. Phase 3. Although Dact1 and Axin2 have distinct 

presomitic distributions in each phase (see text), throughout the somitogenesis clock Axin2 

expression (right) overlaps with Dact1 (left) caudally in the PSM and in the s0 presomite.  

Scale bars = 0.5 mm; magnification equivalent in A-C’, and in D-F. 

Supplemental Figure legend 

 

Fig. S1. TCF/LEF binding site consensus map of the mouse Dact1 promoter region plus 

intron 1 (to scale).  In the 5 kb region upstream of the transcriptional start (position 1: 62 bp 

5’ of ATG), there are 7 elements (T1-T7) matching the TCF/LEF binding site consensus 

[(A/T)(A/T)CAAAG or reverse complement] (van de Wetering et al., 1997; Roose and 

Clevers, 1999; Jho et al., 2002). Another 5 sites (T8-T12) are present in intron 1.  Five of 

the sites (T2, T3, T8, T9, and T11; boxed) occur in the same position in the human DACT1 

locus where they are 100% identical to the mouse sites.  Each of these conserved sites is 



nested within longer stretches of conserved sequence (filled black boxes = mouse:human 

sequences >90% identical over >50 bp surrounding a TCF/LEF binding site). Other 

conserved regions are not shown. 
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