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Summary

Wnt/β-catenin signals are important regulators of embryonic and adult stem cell self-renewal and 

differentiation and play causative roles in tumorigenesis. Purified recombinant Wnt3a protein, or 

Wnt3a-conditioned culture medium, has been widely used to study canonical Wnt signaling in 

vitro or ex vivo. To study the role of Wnt3a in embryogenesis and cancer models, we developed a 

Cre recombinase activatable Rosa26Wnt3a allele, in which a Wnt3a cDNA was inserted into the 

Rosa26 locus to allow for conditional, spatiotemporally defined expression of Wnt3a ligand for 

gain-of-function (GOF) studies in mice. To validate this reagent, we ectopically overexpressed 

Wnt3a in early embryonic progenitors using the T-Cre transgene. This resulted in up-regulated 

expression of a β-catenin/Tcf-Lef reporter and of the universal Wnt/β-catenin pathway target 

genes, Axin2 and Sp5. Importantly, T-Cre; Rosa26Wnt3a mutants have expanded presomitic 

mesoderm (PSM) and compromised somitogenesis and closely resemble previously studied T-Cre; 
Ctnnb1ex3 (β-cateninGOF) mutants. These data indicate that the exogenously expressed Wnt3a 

stimulates the Wnt/β-catenin signaling pathway, as expected. The Rosa26Wnt3a mouse line should 

prove to be an invaluable tool to study the function of Wnt3a in vivo.
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Introduction, Results and Discussion

Wnt proteins are lipid modified, secreted signaling molecules essential for self-renewal, 

differentiation, cell motility and cell proliferation in development and disease (Clevers et al., 
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2014; Clevers and Nusse, 2012; Kalani et al., 2008; ten Berge et al., 2011; Willert et al., 
2003; Zeng and Nusse, 2010). Aberrant Wnt signaling is associated with several human 

diseases including cancer (Clevers and Nusse, 2012). In mammals there are 19 Wnt genes 

categorized into 12 conserved subfamilies (Wnt home page<http://wnt.stanford.edu>). Wnt 

ligands bind to Lrp and Frizzled cell-surface receptors to stabilize β-catenin, which then 

enters into the nucleus to bind to Tcf-Lef transcription factors to activate Wnt target genes 

(Logan and Nusse, 2004). The Wnt3a signal is transduced predominantly through β-catenin; 

however, Wnt3a has recently been shown to also signal through the Yap/Taz pathway, 

independently of β-catenin, to regulate various biological processes such as osteogenic 

differentiation, gene expression and cell migration (Park et al., 2015). Thus, in addition to its 

utility in the study of the Wnt/β-catenin signaling pathway, a transgenic Wnt3a GOF reagent 

may also prove useful for the study of alternative Wnt3a signaling pathways such as the 

Hippo pathway.

Wnt proteins are covalently modified by palmitate residue by the palmitoyl transferase 

enzyme, porcupine (Kadowaki et al., 1996). These post-translational modifications confer 

hydrophobicity to Wnt proteins, leading to the prediction that Wnts are short-range 

molecules that principally signal between neighboring cells (Clevers et al., 2014). Indeed, 

studies tracking the endogenous expression of Wnt3 protein in intestinal crypts suggests that 

Wnt3 predominantly functions as a short-range, graded, signal and does not freely diffuse 

(Farin et al., 2016). Wnt/β-catenin signaling is essential for the self renewal of embryonic 

stem cells (ESC), neural stem cells, haematopoietic stem cells, liver progenitors, skin stem 

cells, mammary gland stem cells, and intestinal stem cells (Clevers et al., 2014; Kalani et al., 
2008; ten Berge et al., 2011; Willert et al., 2003). Wnt/β-catenin signaling also plays an 

important role in tissue regeneration, replenishing lost cells after normal tissue wear, injury 

and disease. Amongst the large Wnt protein family, Wnt3a has proven to be a popular choice 

to study Wnt signaling in mammalian cells. Conventionally, Wnt3a-conditioned media 

produced from L-cells, or purified recombinant Wnt3a, has been used to activate Wnt 

signaling in cell lines. Despite the widespread use of Wnt3a to stimulate Wnt/β-catenin 

signaling in vitro there are no mouse transgenic lines available to express Wnt3a in vivo.

Wnt3a is first expressed in the developing embryo at the blastocyst stage, and is 

subsequently expressed at PS stages in posteriorly located progenitor/stem cells that build 

the embryonic axis (Kemp et al., 2005; Takada et al., 1994). Null alleles of Wnt3a result in 

embryonic defects, apparent as early as the eighth day of gestation with a loss of PSM, 

which later manifests in a dramatic truncation of the embryonic axis (Takada et al., 1994). 

The defects in PSM development are due to defective β-catenin/Tcf1-Lef1 signaling as 

embryos lacking β-catenin in the PS or Tcf1/Lef1 double mutants display phenotypes 

similar to the Wnt3a null phenotype (Dunty et al., 2008; Galceran et al., 1999). Furthermore, 

Wnt3a-like phenotypes also arise when the Wnt/β-catenin target genes, Brachyury (T), or 

Sp5/Sp8 are mutated (Dunty et al., 2014; Yamaguchi et al., 1999). Conversely, activation of 

Wnt/β-catenin signaling in the PS using a conditional GOF allele of Ctnnb1 results in an 

expanded PSM, elevated expression of the Wnt target genes Brachyury (T) and Sp5, and the 

β-catenin/Tcf-Lef β-gal reporter, and can partially rescue the Wnt3a mutant phenotype 

(Aulehla et al., 2008; Dunty et al., 2008; Harada et al., 1999). As so much is known about 
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the role of Wnt3a signaling in PSM formation, the PSM serves as an ideal tissue to 

characterize the effects of a transgenic Wnt3a-expressing reagent.

A gain-of-function allele of Wnt3a was generated by targeting a floxed-STOP-Wnt3a 

cassette into the Rosa26 locus by homologous recombination in ESCs (Fig. 1A). This allele 

is hereafter referred to as Rosa26Wnt3a. Positively targeted ESC clones were confirmed by 

Southern blot analysis. The correctly targeted construct generated 5.9kb and 11.6kb 

fragments, when hybridized with 5′ and 3′ probes respectively, in addition to a 15.6kb WT 

fragment (Fig. 1B and 1C). A PCR-based genotyping protocol was also developed to detect 

the WT and Rosa26Wnt3a knock-in (KI) allele (Fig. 1D). >20 positively targeted ESC clones 

were identified. Positive clones were injected into albino C57BL6 blastocysts to generate 

chimeric mice (F0). Male chimeras were crossed to C57Bl6 females to test for germline 

transmission of the targeted allele. F1 mice were genotyped by Southern blot analysis. 

Rosa26Wnt3a/+ heterozygotes were intercrossed to generate homozygous Rosa26Wnt3a/Wnt3a 

animals. Both heterozygous and homozygous animals were viable and fertile and 

indistinguishable from WT animals based on morphological features and fertility.

To determine if Wnt3a could be ectopically expressed from the Rosa26Wnt3a locus, we 

crossed Rosa26Wnt3a/+ mice to the T-Cre driver strain to excise the Floxed-STOP cassette 

and permanently activate Wnt3a expression in T-Cre-expressing cells. This should include 

the PS and the neuromesodermal progenitors (NMPs) that give rise to the trunk paraxial 

mesoderm, spinal cord progenitors and all of their descendants (Garriock et al., 2015; 

Perantoni et al., 2005) (Fig. 2A). The T-Cre; Rosa26Wnt3a/+ mutants are easily identified at 

embryonic day (E) 8.5 by their gross morphology, as they possess an elongated PSM and an 

enlarged allantois (Fig. 2B). In addition, E9.5 T-Cre; Rosa26Wnt3a/+ mutants failed to turn 

and the allantois frequently appeared bulb shaped. Mutant embryos from this intercross were 

generated at the expected Mendelian ratio and littermate controls appeared phenotypically 

identical to WT embryos. To verify that the T-Cre; Rosa26Wnt3a/+ mutant phenotype is due 

to ectopic expression of Wnt3a, we examined Wnt3a mRNA expression in control and T-
Cre; Rosa26Wnt3a/+ mutant littermates by whole-mount in situ hybridization (WISH). Wnt3a 
is expressed in the PS and dorsal neural folds in control embryos at E8.5 and E9.5 stages 

(Fig. 2B). However, in T-Cre; Rosa26Wnt3a/+ mutants, highly elevated ectopic expression of 

Wnt3a was observed throughout the embryonic trunk in a pattern that is consistent with the 

activity of T-Cre (Perantoni et al., 2005). To confirm that the IRES-AcGFP-Nuc accurately 

reflects the expression of Wnt3a driven by the Rosa26 locus (Fig. 1A), we examined 

embryos for GFP expression. Although direct GFP fluorescence was not readily detectable, 

GFP was indirectly visualized by immunostaining (Fig. S1). Cross-sections through the 

trunk region of T-Cre; Rosa26Wnt3a/+ mutants revealed GFP, and hence Wnt3a, expression in 

the expected neural and mesodermal domains (Fig. S1). The grossly elongated PSM 

observed in T-Cre; Rosa26Wnt3a/+ mutants closely resembled that observed in T-Cre; β-
cateninGOF mutants (Aulehla et al., 2008; Dunty et al., 2008) suggesting that the 

Rosa26Wnt3a allele is functional and that Wnt3a is likely signaling via the Wnt/β-catenin 

pathway, at least in T-Cre progenitors. Although not investigated directly, it is formally 

possible that ectopic Wnt3a is also stimulating β-catenin-independent pathways.
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To assess whether the β-catenin/Tcf-Lef signaling pathway was stimulated by ectopic 

expression of Wnt3a, we examined the activity of the transgenic BATlacZ β-catenin/Tcf-Lef 

reporter in T-Cre; Rosa26Wnt3a/+ mutants (Nakaya et al., 2005). β-galactosidase (β-gal) 

staining of BATlacZ; T-Cre; Rosa26Wnt3a/+ mutants revealed expanded and enhanced β-gal 

expression in the trunk, PSM and PS, compared to BATlacZ embryos alone, suggesting that 

the ectopic overexpression of Wnt3a enhanced β-catenin/Tcf-Lef signaling activity. 

Remarkably, the enlarged allantois in these mutants was negative for BATlacZ expression 

despite the ectopic expression of Wnt3a throughout the T-Cre; Rosa26Wnt3a/+ mutant 

allantois (Fig. 2B). This result suggests that the allantois phenotype originates in the PS, or 

that the BATlacZ reporter is not responsive to Wnt signals in the allantois. Nevertheless, 

these data are consistent with exogenously expressed Wnt3a stimulating the Wnt/β-catenin/

Tcf-Lef signaling pathway.

If exogenous Wnt3a is activating the Wnt/β-catenin pathway then the expression of known 

target genes of Wnt3a and β-catenin should also be ectopically activated. We examined the 

expression of the well-characterized Wnt/β-catenin target genes Axin2, Sp5 and T/
Brachyury (Dunty et al., 2014; Ikeda et al., 1998; Kishida et al., 1998; Yamaguchi et al., 
1999) in T-Cre; Rosa26Wnt3a/+ mutants and found that all three genes are up-regulated and 

anteriorly expanded in the caudal embryo (Fig. 3A and 3B). These expression patterns are 

highly reminiscent of those observed when β-catenin is constitutively activated by T-Cre and 

suggests that ectopic Wnt3a may be similarly maintaining PSM progenitors and suppressing 

somitogenesis (Dunty et al., 2008). Indeed, examination of T-Cre; Rosa26Wnt3a/+ embryos 

for expression of the segmentally expressed, somite marker Uncx4.1 revealed a compressed 

Uncx4.1 expression domain and fewer segments, compared to controls (Fig. 3B). Our data 

suggests that exogenously expressed Wnt3a from our novel Rosa26Wnt3a mouse line is 

behaving similarly to endogenous Wnt3a by stimulating the Wnt/β-catenin pathway.

We conclude that this Rosa26Wnt3a mouse line will be a useful reagent for the study of Wnt/

β-catenin signaling during early embryonic development, organogenesis and pathogenesis.

Methods

Construction of Wnt3a gain-of-function (Rosa26Wnt3a) mice

Construction of targeting vectors, targeting and screening of ESCs were performed as 

described previously (Cha et al., 2014). CTV plasmid (Klaus Rajewsky, Addgene Plasmid# 

15192)(Thai et al., 2007) was modified by replacing IRES-eGFP with IRES2-AcGFP-Nuc 

cassette isolated from pIRES2-AcGFP-Nuc (Clontech, Cat#632515). mWnt3a cDNA from 

pCIG-mWnt3a was subcloned and inserted into Asc1 restriction site. For gene targeting, 

SgfI- linearized targeting vector was electroporated into Bruce-4 C57BL6 ES cells and 

selected for G418 resistance. Genomic DNA was isolated from positively targeted ES cell 

colonies, digested with EcoR1 and probed with 5′ probe and 3′ probe (Fig. 1A). For 

Southern blot analysis, DIG labeled probes were synthesized and detected according to 

manufacturer’s recommendation (Roche). Positively selected ES cells were then injected 

into albino C57BL6 blastocysts and later transferred into the uteri of pseudopregnant 

recipients to obtain chimeric mice. For colony expansion, male chimeras were crossed to 
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albino C57BL6 females and genotyped by Southern blot analysis and PCR genotyping (Fig. 

1B–1D). The following primers were used for PCR genotyping:

Rosa10- 5′CTCTGCTGCCTCCTGGCTTCT3′,

Rosa11- 5′CGAGGCGGATCACAAGCAATA3′,

R26R2- 5′GCGAAGAGTTTGTCCTCAACC3′, Product size for WT allele: 

Rosa10+Rosa11= 322bp, Rosa26Wnt3a allele: Rosa10+R26R2=192bp,

StopF- 5′ GCCTTGACTAGAGATCATAATCAGC 3′

mWnt3aR- 5′ ACAGCCAAGGACCACCAGA 3′,

product size for WT allele-no band, Rosa26Wnt3a allele: 407bp. Refer to Fig. 1A for location 

of the primers. We also confirmed that the Frt sites in the targeting vector were functional in 

vitro. The targeting vector was transformed into EL250 E. coli strain, which has arabinose 

inducible flpe gene and colonies were picked to isolate plasmids and confirmed that the 

cassette flanked by FRT sites was removed. This mouse reagent will be made available to 

the research community upon acceptance of this manuscript.

Mice

Tg(T-Cre)1Lwd and BATlacZ mice were previously described (Nakaya et al., 2005; Perantoni 

et al., 2005). Rosa26Wnt3a mice were maintained on C57BL6 background as heterozygotes 

or homozygotes. To generate T-Cre; Rosa26Wnt3a/+ mutants, T-Cre mice were crossed with 

Rosa26Wnt3a/+, and wildtype and mutant littermates were dissected on embryonic day (E) 

8.5 and 9.5. Embryos were dissected in PBS, fixed for overnight in 4% Paraformaldehyde at 

4°C, and dehydrated in a graded Methanol series and stored in 100% Methanol at −20°C. 

Although mutant embryos ectopically expressed Wnt3a and AcGFP simultaneously in T-Cre 
progenitors, direct GFP fluorescence was not readily detectable. All animal experiments 

were performed according to the Guide for the Care and Use of Laboratory Animals 

(National Academies Press; 8th editions).

Whole mount In Situ Hybridization and Immunohistochemistry

For Whole mount In situ Hybridization (WISH), embryos were rehydrated in a graded 

Methanol series. One-color whole mount in situ hybridization was performed as described 

previously (Biris et al., 2007; Biris and Yamaguchi, 2014). T, Axin2 and Sp5 DIG labeled 

antisense RNA probes were synthesized from linearized DNA templates using digoxigenin 

(DIG) and RNA polymerase. DIG-labeled probes were detected using alkaline phosphate 

(AP) conjugated secondary antibodies and AP substrate (BM purple, Roche). Embryos were 

photographed using a Zeiss AxioCam HRc camera on a Leica MZFLIII microscope and 

processed with Axiovision software. Photographed embryos are representative of at least 

three replicates. For immunohistochemistry, embryos were fixed briefly in 4% Para-

formaldehyde for 30 minutes and passed through 20% sucrose for over-night at 4°C and 

frozen blocks were prepared in OCT followed by 5μM sections as described previously 

using standard protocols (Chalamalasetty et al., 2014). For immunohistochemistry, sections 

were incubated using Rabbit anti-GFP (eBioscience, #14-6774-63, 1:100) and Mouse anti-

Sox2 (R&D Systems, #mab2018,1:100) followed by Goat anti-rabbit Alexa flour 488 
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(1:500) and Goat anti-mouse Alexa flour 567 (1:500) antibodies. Slides were counter stained 

with 1 nM DAPI (Molecular probes) and mounted using aqua poly/mount (Polysciences 

Inc.) Images were photographed using Zeiss AxioplanII microscope.

β-galactosidase staining

Whole-mount β-galactosidase staining was performed as previously described 

(Chalamalasetty et al., 2014; Whiting et al., 1991). Embryos were dissected in PBS and 

fixed briefly in 1% Formaldehyde, 0.2% Glutaraldehyde, 2mM MgCl2, 5mM EGTA and 

0.02% NP-40 for 30 min at room temperature and washed 3 times in PBS plus 0.02% 

NP-40. Embryos were stained in 5mM K3Fe(CN)6, 5mM K4Fe(CN)6, 2mM MgCl2, 0.01% 

Sodium deoxycholate, 0.02% NP-40 and 1mg/ml X-gal solution at 37°C for 5–30 min. 

Stained embryos were washed and postfixed in 4% Para-formaldehyde plus 0.2% 

Glutaraldehyde for 30 min at room temperature. Embryos were stored in 80% Glycerol/PBT.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic view of construction of Rosa26Wnt3a gain-of-function allele
(A) Schematic diagram of targeting strategy to insert mWnt3a-IRES-AcGFP-Nuc between 

exons 1 and 2 of Rosa26 for conditional gene expression. Targeting vector comprised of 

“Splice acceptor-CAG promoter-LoxP-TK Neo-STOP-LoxP-Wnt3a-FRT-IRES AcGFP-

Nuc-FRT-pA” was targeted to intron1 of the Rosa26 locus by homologous recombination. 

Black rectangles indicate the site of 5′ and 3′ probes used for Southern blot analysis. For 

PCR genotyping, oligonucleotide pairs Rosa10; Rosa11 were used to detect the wildtype 

(WT) allele and Rosa10; R26R2 were used for the knock-in allele (KI). Primer pairs StopF; 

mWnt3aR were used to specifically detect the KI allele. E; EcoR1 (B,C) Representative 

Southern blot analysis of positively targeted ESCs. Genomic DNA from Rosa26Wnt3a/+ and 

WT (+/+) cells was digested with EcoR1 enzyme and Southern blot was performed using 5′ 
and 3′ probes as shown in (A). Upon EcoR1 digestion, the WT locus generated a 15.6Kb 

fragment, while the targeted locus generated 5.9Kb and 11.6Kb DNA fragments as detected 

by 5′ Probe and 3′Probe. (D) Representative PCR genotyping of Rosa26Wnt3a/+ and WT 
(+/+) alleles using Rosa10, Rosa11 and R26R2 oligos. The WT band migrates at 322bp and 
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the KI band at 192 bp. As an alternative, the KI allele can also be amplified using StopF and 

mWnt3aR oligos to generate a 407bp amplicon.
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Figure 2. Conditional expression of Wnt3a in T-Cre progenitors and their descendants
(A) Schematic of LoxP-Cre mediated activation of Wnt3a expression in T-Cre-expressing PS 

progenitors. (B) Lateral views of control and T-Cre; Rosa26Wnt3a/+ embryos at E8.5 and 

E9.5 stages analysed by WISH for expression of Wnt3a mRNA. (C) β-gal staining of 

BATlacZ control and BATlacZ; T-Cre; Rosa26Wnt3a/+ embryos at E8.5 stage. Arrows 

indicate expression in allantois and scale bar is 200μM.
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Figure 3. Conditional expression of Wnt3a results in up-regulated Wnt target genes and 
inhibition of somitogenesis
WISH analysis of Axin2, Sp5, T and Uncx4.1 expression in E8.5 control and T-Cre; 
Rosa26Wnt3a/+ embryos. Lateral views of whole embryos and dorsal views of the caudal end 

of the same embryo are shown. Scale bars indicate 200μM.
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