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Abstract

Background—Vertebrate body axis extension occurs in a head-to-tail direction from a caudal 

progenitor zone that responds to interacting signals. Wnt/β-catenin signaling is critical for 

generation of paraxial mesoderm, somite formation, and maintenance of the axial stem cell pool. 

Body axis extension requires Wnt8a in lower vertebrates, but in mammals Wnt3a is required, 

although the anterior trunk develops in the absence of Wnt3a.

Results—We examined mouse Wnt8a−/− and Wnt3a−/− single and double mutants to explore 

whether mammalian Wnt8a contributes to body axis extension and to determine whether a 

posterior growth function for Wnt8a is conserved throughout the vertebrate lineage. We find that 

caudal Wnt8a is expressed only during early somite stages and is required for normal development 

of the anterior trunk in the absence of Wnt3a. During this time, we show that Wnt8a and Wnt3a 

cooperate to maintain Fgf8 expression and prevent premature Sox2 upregulation in the axial stem 

cell niche, critical for posterior growth. Similar to Fgf8, Wnt8a requires retinoic acid (RA) 

signaling to establish its expression boundaries and possesses an upstream RA response element 

that binds RA receptors.

Conclusions—These findings provide new insight into interaction of caudal Wnt-FGF-RA 

signals required for body axis extension.
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INTRODUCTION

During late gastrulation in vertebrates, anterior-to-posterior body axis extension is driven by 

axial stem cells residing in the epiblast, lateral to the primitive streak, which give rise to 

both neural and paraxial mesodermal progeny (Tzouanacou et al., 2009; Wilson et al., 

2009). Neural progeny derive from axial stem cells that remain in the epiblast epithelium, 
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and subsequently differentiate to form the neural tube/spinal cord. Paraxial mesodermal 

progeny derive from axial stem cells that ingress ventrally through the primitive streak and 

undergo an epithelial-to-mesenchyme transition to form the presomitic mesoderm (PSM). 

As the primitive streak regresses, blocks of anterior PSM periodically and bilaterally 

segment via a mesenchyme-to-epithelial transition that is temporally and spatially regulated, 

thus forming pairs of somites on either side of the neural tube that later give rise to the axial 

skeleton, ribs, skeletal muscle, connective tissue, and dermis of the back (Pourquié, 2011). A 

cohort of signaling cues are needed for controlling gastrulation and the spatiotemporal 

dynamics of somite formation; among them is Wnt/β-catenin signaling, whereby secreted 

Wnt glycoproteins bind to a Frizzled cell membrane receptor, leading to stabilization and 

nuclear translocation of β-catenin that subsequently binds to Tcf/Lef transcription factors to 

modulate transcription (Logan and Nusse, 2004).

In the mouse, Wnt3a is the primary Wnt/β-catenin pathway ligand that is required during 

body axis extension. Genetic loss-of-function in Wnt3a−/− embryos leads to a major 

posterior truncation below the level of the forelimbs due to loss of Fgf8 and T (Brachyury) 

expression required for maintenance of the axial stem cell pool and production of paraxial 

mesodermal progeny (Takada et al., 1994; Greco et al., 1996; Yoshikawa et al., 1997; 

Yamaguchi et al., 1999; Aulehla et al., 2003; Dunty et al., 2008; Dunty et al., 2014). Somite 

formation in Wnt3a−/− embryos is perturbed, with the first 7–9 somite pairs initially forming 

but successively becoming smaller and disappearing towards the truncated posterior region, 

while ectopic neural-like tissue expressing Sox2 forms in place of paraxial mesoderm 

beyond the 7-somite stage (Takada et al., 1994; Yamaguchi et al., 1999; Nowotschin et al., 

2012; Dunty et al., 2014). Wnt3avg/vg hypomorphic embryos and conditional (T-cre driven) 

β-cateninflox/flox embryos demonstrate that caudal Fgf8 expression is regulated downstream 

of Wnt/β-catenin signaling, which operates as a posterior to anterior gradient of nuclear β-

catenin in parallel with FGF (Aulehla et al., 2003; Aulehla et al., 2008; Dunty et al., 2008). 

In addition, Wnt/β-catenin is promoted downstream of FGF signaling in the caudal 

progenitor zone demonstrating a mutually positive Wnt/β-catenin-FGF autoregulatory loop 

(Olivera-Martinez and Storey, 2007; Wahl et al., 2007; Naiche et al., 2011; Boulet and 

Capecchi, 2012).

Several lines of evidence suggest that Wnt/β-catenin signaling is also important for 

mesoderm patterning in lower vertebrates (frogs and fish), with wnt8a functioning as the 

primary ligand (see Table 1 for Wnt8a ortholog nomenclatures) (Christian et al., 1991; 

Hoppler et al., 1996; Hoppler and Moon, 1998; Lekven et al., 2001; Shimizu et al., 2005; 

Martin and Kimelman, 2009; Baker et al., 2010; Lu et al., 2011; Martin and Kimelman, 

2012; Wylie et al., 2014). In Xenopus, overexpression of a dominant-negative form of wnt8a 

disrupts somite mesoderm specification and posterior development (Hoppler et al., 1996). 

Similarly, antisense morpholino interference or genetic knock-down of the bicistronic 

zebrafish wnt8a locus leads to a loss of posterior mesoderm expansion as well as defects in 

neural ectoderm posteriorization (Lekven et al., 2001; Shimizu et al., 2005; Baker et al., 

2010; Wylie et al., 2014). Other experiments in zebrafish identified a positive Wnt/β-catenin

—Ntl/Bra (the two zebrafish orthologs of T) autoregulatory loop required for specification 

of mesoderm from axial stem cells, while manipulations at the single-cell level using cell 
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autonomous Wnt inhibitors and activators demonstrated an additional role for specification 

of mesoderm into somites (Martin and Kimelman, 2008; Martin and Kimelman, 2010; 

Martin and Kimelman, 2012). A positive Wnt/β-catenin-FGF autoregulatory loop has also 

been found in zebrafish, needed for normal body axis extension, similar to mouse (Stulberg 

et al., 2012).

Thus, experiments across different model organisms are consistent with conserved 

multiplexed roles for canonical Wnt/β-catenin signaling in posterior body axis development 

and mesoderm specification during body axis extension. A clear discrepancy appears to be 

the specific Wnt ligands at play; Wnt3a in mouse versus wnt8a in Xenopus and zebrafish, 

despite the fact that all vertebrates possess both Wnt3a and Wnt8a orthologs (Garriock et al., 

2007). Here, we investigated the function of mammalian Wnt8a during body axis extension 

using a genetic loss-of-function approach. We found that caudal Wnt8a is most strongly 

expressed during early somite stages, a time when the anterior trunk can form in the absence 

of Wnt3a. While we find that Wnt8a−/− embryos have no overt body axis defects, we 

discover that Wnt3a−/−;Wnt8a−/− double knockout embryos in comparison to Wnt3a−/− 

embryos display a more severe posterior truncation, fewer somites, a more extensive loss of 

caudal Fgf8 expression, and earlier manifestation of ectopic Sox2 expression in the axial 

stem cell niche. These findings reveal that mouse Wnt8a cooperates with Wnt3a during early 

somite stages to maintain axial stem cell homeostasis required for normal body axis 

extension and somitogenesis. These findings thus demonstrate a wide conservation of Wnt8a 

function throughout vertebrates.

RESULTS

Caudal Wnt8a Expression is Strongest During Early Somite Stages

From the headfold stage to the 1-somite pair stage (E7.5-E7.75), Wnt8a is expressed 

throughout the epiblast and primitive streak along with Wnt3a (Yamaguchi, 2008; Zhao and 

Duester, 2009); also Wnt8a is expressed in rhombomere 4 of the hindbrain (Niederreither et 

al., 2000). We further examined the expression pattern of Wnt8a in wild type mouse 

embryos during early and late somite stages to assess the potential for Wnt8a signaling to 

impact posterior growth (Fig. 1A). At the 5 and 7 somite pair stages, two distinct domains of 

Wnt8a expression were observed in the hindbrain and anterior two-thirds of the epiblast. We 

observed rapid downregulation of Wnt8a at the 10 somite pair stage, with only weak 

expression detected in the hindbrain. By the 12 somite pair stage, no detection of Wnt8a 

transcripts was observed. These observations suggest a potential role for Wnt8a in body axis 

extension during early somite stages.

Wnt8a and Wnt3a Function Redundantly During Early Somite Formation

To assess the function of Wnt8a during body axis extension, we generated a Wnt8a−/− knock 

out mouse line, which displayed no detectable expression of Wnt8a transcripts (Fig. 1B). 

Mendelian ratios for heterozygous [Wnt8+/− x Wnt8a+/−] matings were normal with no 

indications for Wnt8a−/− embryonic morbidity or mortality. Both male and female Wnt8a−/− 

adult mice were healthy and fertile, with homozygous [Wnt8a−/− x Wnt8a−/−] matings 

displaying normal litter sizes compared to previous heterozygous breeder pairs (data not 
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shown), consistent with a previously generated Wnt8a−/− mouse line (Vendrell et al., 2013). 

We did not observe any overt phenotype relating to body axis extension in Wnt8a−/− 

embryos (data not shown). To explore potential redundancy with Wnt3a, we mated Wnt3a+/− 

mice (Takada et al., 1994; Nakaya et al., 2005) with Wnt8a+/− mice and analyzed Uncx4.1 

expression marking somite formation at E8.75 and E9.5 (Fig. 2 and Table 2). 

Wnt3a+/−;Wnt8a−/− embryos were indistinguishable from both Wnt8a−/− and wild-type 

embryos; each of these genotypes generated 9–14 somite pairs when collected at E8.75 (data 

not shown) and an average of 22–24 somite pairs when collected at E9.5 (Table 2). 

Wnt3a−/− embryos displayed a posterior truncation below the forelimbs, with only 7–9 

somite pairs forming in total and with the posterior-most somites abnormally small in size, 

consistent with previous reports (Takada et al., 1994; Yoshikawa et al., 1997; Yamaguchi et 

al., 1999) (Fig. 2). Wnt3a−/−;Wnt8a+/− embryos displayed a posterior truncation similar to 

that of Wnt3a−/− embryos (see Table 2). Wnt3a−/−;Wnt8a−/− double knock-out embryos 

displayed the most severe phenotype, displaying a shorter axis than Wnt3a−/− embryos and 

forming on average 3 somite pairs (range 2–4); (Fig. 2). These observations demonstrate that 

Wnt8a functions together with Wnt3a to promote body axis extension at early somite stages.

Wnt8a and Wnt3a Function Redundantly to Maintain Fgf8 Expression During Formation of 
Anterior Somites

A major role for Wnt/β-catenin signaling during body axis extension is maintenance of Fgf8 

expression in the caudal epiblast (and maintenance of the Wnt/β-catenin-FGF positive 

autoregulatory loop), required for self-renewal of the axial stem cell pool and control of 

PSM motility and maturation during somitogenesis (Dubrulle et al., 2001; Aulehla et al., 

2003; Dubrulle and Pourquié, 2004; Dunty et al., 2008; Benazeraf et al., 2010; Naiche et al., 

2011; Boulet and Capecchi, 2012). To assess whether Wnt8a functions as part of this 

process, we analyzed caudal Fgf8 expression at E8.5, around the time when the posterior 

truncation becomes evident in Wnt3a−/− embryos. Fgf8 expression was indistinguishable 

between Wnt3a+/−;Wnt8a−/−, Wnt8a−/−, and wild-type embryos, with strong expression in 

the epiblast region (Fig. 3 and data not shown). Wnt3a−/− embryos displayed a modest, yet 

clear, narrowing of the epiblast region and corresponding smaller domain of caudal Fgf8 

expression, as expected, representing the early stages of posterior truncation. A similar 

expression pattern was observed in Wnt3a−/−;Wnt8a+/− embryos (data not shown). However, 

at this same stage, Wnt3a−/−;Wnt8a−/− double knock-out embryos displayed an extreme 

narrowing of the epiblast region and little to no caudal Fgf8 expression, demonstrating that 

Wnt8a functions together with Wnt3a to maintain caudal Fgf8 expression.

Wnt8a and Wnt3a Function Redundantly to Prevent Ectopic Sox2 Expression in the Axial 
Stem Cell Niche

Loss of Wnt3a is associated with ectopic neural-like tissue expressing Sox2 in the paraxial 

mesoderm compartment after the 7-somite stage (Takada et al., 1994; Yamaguchi et al., 

1999; Nowotschin et al., 2012; Dunty et al., 2014). We sought to investigate whether 

combined loss of Wnt3a and Wnt8a yielded a similar phenotype at an earlier stage than that 

observed for Wnt3a single mutants (i.e. prior to the 7-somite stage). All Wnt3a−/−;Wnt8a−/− 

double knockout embryos examined displayed ectopic Sox2-positive neural-like tissue in the 

paraxial mesoderm compartment, including those examined at E8.25 with rostral 
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development matching wild-type embryos at the 5-somite stage (Fig. 4). In addition, 

whereas wild-type embryos normally exhibit low Sox2 expression in the caudal epiblast, we 

observed a large increase in Sox2 expression in Wnt3a−/−;Wnt8a−/− caudal epiblast, similar 

to levels normally observed in wild-type neural plate. These observations indicate that 

Wnt8a functions together with Wnt3a to maintain the caudal epiblast in an undifferentiated 

“Sox2-low” state.

RA Repression of Wnt8a Is Associated With a Nearby Retinoic Acid Response Element

Raldh2−/− embryos, deficient in retinoic acid (RA) synthesis and signaling, display small 

somites and a shortened trunk due to loss of Fgf8 repression, resulting in an anterior shift in 

the caudal expression boundary of Fgf8 (Diez del Corral et al., 2003; Vermot et al., 2005; 

Sirbu and Duester, 2006; Kumar and Duester, 2014). Raldh2−/− embryos also display strong 

upregulation of caudal Wnt8a that expands into the developing trunk (Zhao and Duester, 

2009). Here, we additionally analyzed Rdh10−/− embryos (Chatzi et al., 2013), also deficient 

in RA synthesis and signaling, and confirmed strong upregulation and expansion of Wnt8a 

at the 7 somite stage, finding that the caudal and hindbrain expression domains merge into 

one (Fig. 5A). Analysis of the Wnt8a genomic region revealed a putative RA response 

element (RARE) of the DR2 class (direct repeat separated by 2 bp) located 4.9 kb upstream 

of the transcription start site (Fig. 5B). We performed CHIP analysis using E8.5 mouse 

embryos, and found that all three RA receptors (RARα, RARβ, and RARγ) are recruited to 

this RARE in vivo (Fig. 5C). To further confirm RAR-RARE interaction, we performed 

electrophoretic mobility shift assays, using nuclear protein extracts from E8.5 mouse 

embryos, to determine whether the Wnt8a RARE was capable of binding RARs. The wild-

type Wnt8a RARE, but not a mutant version, was shifted by the E8.5 nuclear extract, while 

super-shift assays using RAR antibodies verified that the wild-type RARE binds all three 

RAR isoforms (Fig. 5D). Together, these studies provide evidence that RA repression of 

Wnt8a may be mediated directly through this RARE.

DISCUSSION

Evolutionary Conservation of Caudal Wnt8a Expression Suggests a Role in Mammalian 
Body Axis Extension

The Wnt/β-catenin signaling pathway is utilized throughout the animal kingdom and is 

found in even the most basic multicellular animals (placozoa), with roots potentially dating 

back to the Metazoa–Protozoa divergence around 700 million years ago (Croce and McClay, 

2008; Srivastava et al., 2008; Holstein, 2012). The complexity of the Wnt gene family is 

similarly ancient and very highly conserved; of the 13 definitive Wnt gene subfamilies 

(Wnt1-11, Wnt16, and WntA), 11 are conserved between humans and the sea anemone 

Nematostella vectensis (Cnidaria) that diverged over 550 million years ago (Kusserow et al., 

2005). Vertebrates possess 12 Wnt subfamilies (Wnt1-11 and Wnt16), with less ancient gene 

duplications accounting for variation among different vertebrate classes; the WntA subfamily 

was lost in the chordate lineage (Croce and McClay, 2008; Holstein, 2012). Human and 

mouse genomes have 7 duplicated Wnt subfamily genes, with 19 Wnt genes in total; chick 

has 8 duplications and 20 Wnt genes; Xenopus has 12 duplications and 24 Wnt genes; and 

zebrafish has 15 duplications and 27 Wnt genes (Garriock et al., 2007).
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Conservation of Wnt function appears to be coupled to the ancient conservation of Wnt 

complexity, with a key role in maintenance of a posterior growth zone common among 

bilateria (Martin and Kimelman, 2009; Petersen and Reddien, 2009). Wnt8 orthologs appear 

to be the most widely conserved Wnt ligands for posterior growth; loss of function analyses 

(using dominant negative mRNAs, RNAi, morpholino interference, and genetic knockout) 

have identified a requirement from frogs and fish (Wnt8a) to the house spider Achaearanea 

tepidariorum (at-wnt8) (Hoppler et al., 1996; Lekven et al., 2001; Shimizu et al., 2005; 

McGregor et al., 2008; Baker et al., 2010; Wylie et al., 2014).

In this study, we set out to examine the function of Wnt8a in late gastrulation mouse 

embryos to determine whether it plays a role during early mesoderm formation and body 

axis extension as previously reported in lower vertebrates. We found that Wnt8a expression 

is strongest during the early somite stages when anterior somites form, but that it is 

downregulated during posterior somite development, positioning Wnt8a at the right time and 

location for a role in body axis extension during development of the anterior trunk.

Wnt8a and Wnt3a Cooperate to Form Anterior Somites, Maintain Caudal Fgf8 Expression, 
and Prevent Ectopic Sox2 Expression

Our analyses of Wnt8a−/− embryos revealed no body axis extension deficiency, leading us to 

explore the possibility that Wnt3a and Wnt8a might function redundantly. The anterior-most 

7–9 somite pairs still form in both Wnt3a−/− embryos and conditional (T-cre driven) β-

cateninflox/flox embryos (although they later degrade in the latter), suggesting that anterior 

somites and the anterior trunk may form independently of Wnt/β-catenin signaling or are 

under the control of another Wnt gene (Takada et al., 1994; Yoshikawa et al., 1997; 

Yamaguchi et al., 1999; Aulehla et al., 2003; Dunty et al., 2008; Nowotschin et al., 2012).

We found that Wnt3a−/−;Wnt8a−/− double knockout embryos exhibit a more severe posterior 

truncation versus Wnt3a−/− single knockouts, revealing that Wnt8a is required for formation 

of somite pairs ~3–9 in the absence of Wnt3a. The first 2–3 somite pairs could be Wnt/β-

catenin independent; however, it seems more likely that an additional Wnt ligand(s) plays a 

role at this very early stage. A prime candidate is the Wnt3a paralog Wnt3, which is strongly 

expressed prior to somite development and is required for primitive streak formation and 

initiation of mesoderm formation; Wnt3 mRNA disappears after E7.5 prior to onset of 

somitogenesis (Liu et al., 1999), but sufficient protein may be present up to E8.0 to function 

during formation of the first 2–3 somite pairs. Interestingly in zebrafish, morpholino 

interference of wnt3a yields little to no phenotype during body axis extension; however, 

combined wnt8a/wnt3a morpholino interference yields severe posterior truncations, 

including significant reductions in somite number that are more severe than single wnt8a 

morphants (Shimizu et al., 2005). Thus, Wnt8a and Wnt3a function during body axis 

extension is conserved from fish to mammals, with Wnt8a being dominant in lower 

vertebrates and Wnt3a being dominant in higher vertebrates.

Another critical signal for body axis extension and somite formation is FGF, with Fgfr1−/− 

embryos failing to form somites due to a loss of FGF4 and FGF8 signaling (Yamaguchi et 

al., 1994; Naiche et al., 2011; Boulet and Capecchi, 2012). We discovered that 

Wnt3a−/−;Wnt8a−/− double knockouts had an absent or severely diminished caudal Fgf8 
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expression domain at E8.5 (10-somite stage), versus a modest reduction of caudal Fgf8 

expression in Wnt3a−/− single knockouts, thus accounting for the reduced number of somites 

and more severe posterior truncation in the double knockout. A positive caudal Wnt/β-

catenin—FGF autoregulatory loop exists to maintain both of these critical signals (Aulehla 

et al., 2003; Olivera-Martinez and Storey, 2007; Wahl et al., 2007; Dunty et al., 2008; 

Naiche et al., 2011; Boulet and Capecchi, 2012; Stulberg et al., 2012) and Wnt8a evidently 

plays its part in this pathway during anterior somite formation. A second positive 

autoregulatory loop exists between Wnt3a and its target T, required for mesoderm formation 

at gastrulation (Martin and Kimelman, 2008). T−/− mouse embryos display a similar 

phenotype to Wnt3a−/− embryos and only form the first ~7 somite pairs (Herrmann et al., 

1990; Yamaguchi et al., 1999; Martin and Kimelman, 2008). This observation suggests that 

the anterior-most somites can form independently of the Wnt3a/β-catenin—T autoregulatory 

loop and that Wnt8a does not participate in the T autoregulatory loop, consistent with the 

fact that Wnt8a expression is positioned a little more anterior to T and Wnt3a (which overlap 

in the caudal-most tip of the embryo). Thus, we hypothesize a scenario whereby a Wnt3/

Wnt3a/Wnt8a/β-catenin—FGF positive autoregulatory loop is established early to promote 

anterior trunk development and to initiate formation of the anterior somites, followed later 

by Wnt3a/β-catenin—FGF and Wnt3a/β-catenin—T positive autoregulatory loops, with the 

former functioning to maintain somitogenesis and form posterior somites and the latter 

functioning to maintain prolonged mesoderm production during later stages (Martin and 

Kimelman, 2009) (Fig. 6).

Previously, it has been reported that Sox2-positive neural-like tissue forms in place of 

paraxial mesoderm in Wnt3a−/− embryos (Takada et al., 1994; Yamaguchi et al., 1999; 

Nowotschin et al., 2012; Dunty et al., 2014), suggesting a role for Wnt3a/β-catenin signaling 

in maintaining mesoderm specification potential. Here, we demonstrate that Wnt3a and 

Wnt8a cooperate in this role during early somite stages. We further report here that mutant 

embryos also exhibit high levels of Sox2 expression in the caudal epiblast, compared to 

wild-type embryos that maintain low levels, and only upregulate Sox2 to high levels when 

cells undergo neural differentiation in the neural plate. This suggests that Wnt/β-catenin 

signaling acts to restrict Sox2 expression to a low level in the caudal epiblast to prevent 

precocious neural differentiation and thus maintain an undifferentiated pool of axial stem 

cells. Wnt has previously been proposed to activate the Sox2 caudal enhancer N1 in 

conjunction with FGF signals (Takemoto et al., 2006; Takemoto et al., 2011). In contrast, 

we observe ectopic Sox2 expression despite a loss of Wnt3a, Wnt8a, and Fgf8. Thus, exactly 

how Wnt and FGF signals interact to control the axial stem cell niche is yet to be fully 

understood.

RA Control of Caudal Wnt and FGF Signaling

RA, generated in the somites, signals to antagonize both Fgf8 and Wnt caudally (Diez del 

Corral et al., 2003; Vermot et al., 2005; Sirbu and Duester, 2006; Olivera-Martinez and 

Storey, 2007; Zhao and Duester, 2009; Kumar and Duester, 2014), thus adding an additional 

layer of control to body axis extension (Fig. 6). Here, we demonstrate that Wnt8a is likely a 

direct target of RA signaling in mouse embryos, through a RARE located 4.9 kb upstream of 

the transcription start site of Wnt8a that is only partially conserved in humans, perhaps due 
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to the redundant nature of Wnt8a signaling with other Wnt ligands. This RARE is a DR2 

type element (2 bp spacing between hexameric repeats), comparable to the DR2 element 

seen upstream of Fgf8, required for RA-mediated caudal Fgf8 repression (Kumar and 

Duester, 2014). Furthermore, it would be interesting to discover precisely what repressive 

RAREs have in common that determine their repressive modality, compared to the majority 

of in vivo-verified RAREs near other target genes (discovered to date) that elicit 

transcriptional activation (Cunningham and Duester, 2015).

Conclusions

In this study, we reveal that cooperative Wnt3a/Wnt8a signaling maintains the axial stem 

cell niche needed for posterior growth during early somite stages, thus demonstrating that 

Wnt/β-catenin signaling is required during anterior as well as posterior body axis extension 

in mammals. By assigning a function for Wnt8a during somite formation in mouse, which 

primarily utilizes Wnt3a for this purpose, we demonstrate a tighter conservation of the Wnt 

ligands at play during body axis extension between mammals and lower vertebrates, which 

primarily utilize Wnt8a. In the only other loss-of-function study conducted to date on both of 

these ligands, Wnt3a was found to be a non-essential but redundant partner with Wnt8a in 

zebrafish (Shimizu et al., 2005), reciprocal to the situation in mouse. Thus, cooperative 

Wnt3a/Wnt8a signaling is conserved from fish to mammals, but genetic drift has seemingly 

switched the dominant partner during evolution of the mammalian lineage. Our studies also 

provide new insight into how Wnt-FGF-RA signals interact during body axis extension.

EXPERIMENTAL PROCEDURES

Generation of Wnt8a, Wnt3a, and Rdh10 Knockout Mice

Heterozygous Wnt8a+/− mutant frozen embryos were implanted in pseudopregnant female 

mice to generate Wnt8a+/− mice purchased from the Knockout Mouse Project (KOMP, 

University of California, Davis); KOMP Wnt8a+/− embryos carry a deletion that 

encompasses all exons of Wnt8a. Matings of Wnt8a+/− mice generated a homozygous 

Wnt8a−/− mouse line that was then maintained by interbreeding Wnt8a−/− mice. Double 

mutant mice were generated by mating Wnt8a−/− mice with Wnt3a+/− mice (Nakaya et al., 

2005) to generate Wnt8a+/−;Wnt3a+/− adult mice that were mated to produce double mutant 

embryos. Rdh10−/− embryos were generated as described previously (Chatzi et al., 2013).

For timed matings, noon on the day of vaginal plug detection was considered embryonic day 

0.5 (E0.5). Embryos derived from timed matings were genotyped by PCR analysis of yolk 

sac DNA. Wnt8a mutants were genotyped with mutant primers (5′-GGT AGG AGA CCT 

GCT TCA GC-3′ and 5′-GTC TGT CCT AGC TTC CTC ACT G-3′ that generate an 81 bp 

PCR product) and wild-type primers (5′-GCT TCC GTC ATC TTC TTA GCA C-3′ and 5′-

GGG CAC TCC TAA CCC TGT C-3′ that generate a 361 bp PCR product). Wnt3a mutants 

were genotyped as previously described (Nakaya et al., 2005) as were Rdh10 mutants 

(Chatzi et al., 2013). All mouse studies conformed to the regulatory standards adopted by 

the Animal Research Committee at the Sanford-Burnham Medical Research Institute.
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Whole-mount in situ Hybridization

Whole-mount in situ hybridization was performed using digoxigenin-labeled antisense RNA 

probes as previously described (Wilkinson, 1992); probes for Wnt8a, Uncx4.1, and Fgf8 

were previously reported (Zhao and Duester, 2009; Cunningham et al., 2013); the Sox2 

probe was described previously (Zappone et al., 2000). Wild-type and mutant embryos were 

stained for the same length of time.

Chromatin Immunoprecipitation (ChIP) Assay

ChIP was performed according to the manufacturer’s protocol (Active Motif) as described 

(Frank et al., 2001). To perform whole-embryo ChIP, nuclear extracts were prepared from 

pooled wild-type E8.25 mouse embryos as previously described (Kumar and Duester, 2014); 

antibodies included anti-RARα or anti-RARγ (Santa Cruz Biotechnology) or anti-RARβ 

(Affinity Bioreagents). ChIP samples were subjected to PCR using primers flanking the 

mouse Wnt8a RARE near −4.9 kb (5′-ATC TTG GGT TGA GGC AGA GTC TC-3′ and 5′-

CGC TGA GCC ACC TCT ACA ATC TT-3′ that generate a 280bp PCR product) or 

primers flanking a non-specific region located at −9.7 kb (5′-TCA GAC ATG GCC TCC 

ACT AGA AC-3′ and 5′-CCC CGT TGA GGT ATT TCT TTT GGC-3′ that generate a 

219bp PCR product).

Electrophoretic Gel Mobility Shift Assay (EMSA)

Nuclear extracts were prepared from whole wild-type E8.25 embryos as described (Dignam 

et al., 1983). Biotin-labeled double-stranded oligonucleotide probes containing the wild-type 

Wnt8a RARE sequence or a mutant Wnt8a RARE sequence (see Fig. 4D for sequences) 

were bound to nuclear extracts. Binding reactions were executed using the LightShift 

Chemiluminescent EMSA Kit according to the manufacturer’s instructions (Pierce, Thermo 

Scientific). After incubation of reaction mixtures for 20 min at room temperature, samples 

were mixed with 5x loading buffer and subjected to electrophoresis on a 6% non-denaturing 

polyacrylamide gel using 0.5 X Tris-Borate-EDTA buffer for 90min at 100V on ice, then 

transferred onto Biodyne nylon membrane (Thermo Scientific) at 380mA for 1 hour also in 

0.5 X Tris-Borate-EDTA buffer on ice. The membrane was optimally UV-light cross-linked 

and detection was performed using a LightShift Chemiluminescent EMSA Kit according to 

the manufacturer’s instructions (Pierce, Thermo Scientific). For supershift analysis, nuclear 

extracts were first incubated on ice for 20 min with 3 μg of anti-RARα (sc-551, Santa Cruz 

Biotechnology), anti-RARβ (PA1-811, Pierce, Thermo Scientific), or anti-RARγ antibodies 

(sc-550, Santa Cruz Biotechnology) before mixing with the biotin-labeled oligonucleotide 

probes.
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Key findings

• Wnt8a and Wnt3a exhibit overlapping functions during the early stage of body 

axis extension.

• Wnt8a−/− embryos do not exhibit body axis extension defects.

• Wnt8a/Wnt3a double knockouts cease body axis extension earlier than Wnt3a 

mutants correlating with early termination of caudal Fgf8 expression and ectopic 

Sox2 expression.

• Embryo ChIP identified an RA response element associated with RA repression 

of caudal Wnt8a expression.

• Our findings provide new insight into how Wnt-FGF-RA signals interact during 

body axis extension.
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Fig. 1. 
Wnt8a expression analysis. A: Wnt8a expression during somite pair stages 5, 7, 10, and 12 

in wild type embryos; lateral views (top) and dorsal views (bottom) are shown. B: Wnt8a 

expression during somite pair stage 7 in Wnt8a−/− embryos; shown is a lateral view (left) 

and dorsal views (right). hb, hindbrain, ep, epiblast. Arrowheads indicate weak staining in 

the hindbrain.
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Fig. 2. 
Somite formation analysis in Wnt8a and Wnt3a mutants. Expression of Uncx4.1 marking the 

somites is shown in wild type, Wnt3a+/−;Wnt8a−/−, Wnt3a−/−;Wnt8a+/+, and 

Wnt3a−/−;Wnt8a−/− embryos at E8.75 and E9.5. For each stage, lateral views (top) and 

dorsal views (bottom) are shown.
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Fig. 3. 
Caudal Fgf8 expression analysis in Wnt8a and Wnt3a mutants. Expression of Fgf8 is shown 

in wild-type, Wnt3a+/−;Wnt8a−/−, Wnt3a−/−;Wnt8a+/+, and Wnt3a−/−;Wnt8a−/− embryos 

at E8.5. Two different Wnt3a−/−;Wnt8a−/− embryos are shown. Lateral views (top) and 

dorsal views (bottom) of the caudal Fgf8 expression domain are shown.
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Fig. 4. 
Sox2 expression analysis in Wnt8a/Wnt3a double mutants. Expression of Sox2 is shown in 

wild-type and Wnt3a−/−;Wnt8a−/− embryos at E8.25. The wild-type embryo has 5 somite 

pairs, while the mutant has 3 somite pairs but is at an equivalent stage based on similar 

rostral development. Lateral and dorsal views are shown. Lower panels are sections from 

planes indicated by numbers. ep, caudal epiblast; nl, neural-like tissue; np, neural plate; pm, 

paraxial mesoderm.
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Fig. 5. 
Evidence for RA regulation of Wnt8a. A: Expression analysis of Wnt8a in wild-type versus 

Rdh10−/− embryos at the 7 somite stage; lateral view (left) and dorsal view (right). B: 
Schematic view of the mouse Wnt8a locus highlighting a RA response element (RARE) 

located 4.9 kb upstream of the transcription start site and conservation with other species; 

the RARE consensus sequence is shown for a DR2 RARE which has 2 bp separating the 

direct repeats; also shown is a non-specific region (NSR) as well as arrows indicating 

locations of ChIP primers. C: ChIP analysis from pooled E8.25 mouse embryos, primers 

amplifying the Wnt8a RARE region or non-specific region (NSR) primers, and antibodies 

against RAR isoforms or IgG. D: Electrophoretic mobility supershift assay, using nuclear 

protein extracts from E8.25 mouse embryos, a biotin-labeled double-stranded 

oligonucleotide with wild-type or mutated Wnt8a RARE sequences, and antibodies against 

RAR isoforms.
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Fig. 6. 
Schematic representation of Wnt–FGF-RA and Wnt–T regulatory loops during formation of 

anterior and posterior somites. During anterior somitogenesis in which the first 7–9 somite 

pairs form, at least two Wnt ligands (Wnt3a and Wn8a) cooperate to form a positive 

autoregulatory loop with FGFs (Wnt3 may also function to generate the first 3 anterior 

somite pairs); at the same time, RA generated in the somites directly antagonizes both 

Wnt8a and Fgf8 expression. During posterior somitogenesis, only Wnt3a is critical, forming 

positive autoregulatory loops with both T and FGFs. At later stages (beyond E8.5) when 

posterior somites form, RA is no longer required to antagonize caudal Fgf8 expression 

(Cunningham et al., 2011) and RA repression of Wnt8a is moot since it is no longer 

expressed.
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Table 1

Wnt8a ortholog aliases among vertebrate model organisms (older names in parenthesis). Zebrafish has a 

bicistronic wnt8a gene with distinct wnt8a.1 and wnt8a.2 proteins that arose via a teleost-specific duplication 

event, whereas other species shown have a single Wnt8a gene.

Zebrafish Xenopus Chicken Mouse Human

wnt8a.1 (wnt8.1; wnt8)
wnt8a.2 (wnt8.2)

wnt8a (wnt-8; Xwnt-8) Wnt8a (Wnt8c) Wnt8a Wnt8a
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