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Abstract

The Dishevelled proteins transduce both canonical Wnt/β-catenin and non-canonical Wnt/planar 

cell polarity (PCP) signaling pathways to regulate many key developmental processes during 

embryogenesis. Here, we disrupt both canonical and non-canonical Wnt pathways by targeting the 

entire Dishevelled family of genes (Dvl1, Dvl2, and Dvl3) to investigate their functional roles in 

the early embryo. We identified several defects in anterior-posterior axis specification and 

mesoderm patterning in Dvl1+/−; Dvl2−/−; Dvl3−/− embryos. Homozygous deletions in all three 

Dvl genes (Dvl TKO) resulted in defects in distal visceral endoderm migration and a complete 

failure to induce mesoderm formation. To identify potential mechanisms that lead to the defects in 

the developmental processes preceding gastrulation, we generated Dvl TKO mouse embryonic 

stem cells (mESCs) and compared the transcriptional profile of these cells with wild-type (WT) 

mESCs during germ lineage differentiation into 3D embryoid bodies (EBs). While the Dvl TKO 

mESCs displayed similar morphology, self-renewal properties, and minor transcriptional variation 

from WT mESCs, we identified major transcriptional dysregulation in the Dvl TKO EBs during 

differentiation in a number of genes involved in anterior-posterior pattern specification, 

gastrulation induction, mesenchyme morphogenesis, and mesoderm-derived tissue development. 

The absence of the Dvls leads to specific down-regulation of BMP signaling genes. Furthermore, 

exogenous activation of canonical Wnt, BMP, and Nodal signaling all fail to rescue the 

mesodermal defects in the Dvl TKO EBs. Moreover, endoderm differentiation was promoted in 

the absence of mesoderm in the Dvl TKO EBs, while the suppression of ectoderm differentiation 

was delayed. Overall, we demonstrate that the Dvls are dispensable for maintaining self-renewal in 
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mESCs but are critical during differentiation to regulate key developmental signaling pathways to 

promote proper axis specification and mesoderm formation.

Introduction

Gastrulation is an essential process in early embryonic development, defined by the 

differentiation of the pluripotent epiblast into the three definitive germ layers. Before 

gastrulation induction can proceed, the anterior-posterior (A-P) body axis is specified to 

properly orient primitive streak formation in the posterior side of the embryo. Wnt signaling 

is critical for A-P axis specification and helps govern cell fate decision-making during 

gastrulation by coordinating the expression of Wnt-specific ligands, receptors, and signaling 

agonists and antagonists (Morkel, 2003; Wang et al., 2012). The complex spatial and 

temporal expression of Wnt-regulated target genes further intersect with the Bone 

Morphogenetic Protein (BMP) and Nodal signaling pathways that altogether orchestrate 

proper embryonic development (Arnold and Robertson, 2009). However, the precise 

mechanism of how these important pathways interconnect to induce patterning, 

differentiation, and morphogenesis remains an outstanding question in the field.

The Dishevelled (Dvl) proteins mediate canonical and non-canonical Wnt signaling through 

specific protein domains (Boutros and Mlodzik, 1999; Wallingford and Habas, 2005). 

Canonical Wnt signaling is transduced intracellularly by the interaction of the Dvl DIX 

protein domain with the β-catenin destruction complex, which prevents β-catenin 

phosphorylation and degradation (Fiedler et al., 2011; Kimelman and Xu, 2006; Kishida et 

al., 1999; Wallingford and Habas, 2005). The sequestration the β-catenin destruction 

complex by Dvl results in the stabilization of cytosolic β-catenin that can then enter the 

nucleus and regulate gene expression as a transcriptional co-factor (Clevers and Nusse, 

2012; Nusse and Clevers, 2017). The activation of canonical Wnt signaling is important for 

the transcriptional regulation of A-P specification and germ lineage differentiation, as 

mutations in key genes, such as Wnt3, Lrp5/6, and β-catenin, lead to early developmental 

defects with differing levels of severity (Barrow et al., 2007; Haegel et al., 1995; Huelsken et 

al., 2000; Kelly et al., 2004; Liu et al., 1999; Robertson et al., 2003; Wang et al., 2012). In 

Wnt3 (Barrow et al., 2007; Liu et al., 1999) and Lrp5/6 (Kelly et al., 2004) mutants, A-P 

axis specification is properly established, but β-catenin mutants completely fail to specify 

the A-P axis (Haegel et al., 1995; Huelsken et al., 2000). In all of the Wnt3 (Barrow et al., 

2007; Liu et al., 1999), Lrp5/6 (Kelly et al., 2004), and β-catenin (Haegel et al., 1995; 

Huelsken et al., 2000) null mutants, posterior patterning is severely compromised, and the 

primitive streak and mesoderm completely fail to form.

The non-canonical Wnt/planar cell polarity (PCP) pathway is β-catenin-independent. 

Activation of Wnt/PCP is mediated by the Ror2 receptor and its interaction with the Dvl 

proteins (Ho et al., 2012), via the DEP protein domain (Wallingford and Habas, 2005). 

Wnt/PCP is essential for several early tissue morphogenesis processes, including cell 

intercalation during primitive streak formation in chicks (Voiculescu et al., 2007), epithelial-

to-mesenchymal transition during A-P axis elongation (Andre et al., 2015), establishing 

cellular polarity in node cells (Hashimoto et al., 2010), and regulating convergent-extension 
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movements during neurulation (Vladar et al., 2009; Wang et al., 2006). Deletion of Prickle1, 

a core PCP component, results in the lack of primitive streak and mesoderm formation (Tao 

et al., 2009), which is reminiscent of the phenotypes observed in canonical Wnt mutants. 

Since canonical and non-canonical Wnt mutants both develop similar peri-implantation 

lethal phenotypes, the extent of how much each pathway directly and indirectly contributes 

to the gastrulation defects remains unclear.

The Dvl family of genes (Dvl1, Dvl2, and Dvl3) are broadly expressed and highly 

conserved. Each Dvl gene has unique functions that are developmentally important, as single 

null mutations lead to distinct phenotypes. Dvl1−/− mutants manifest social behavior deficits 

(Lijam et al., 1997); Dvl2−/− mutants display defects in heart development, somite 

segmentation, and neural tube closure (Hamblet et al., 2002); and Dvl3−/− mutants display 

heart development abnormalities and inner ear stereocilia disorganization (Etheridge et al., 

2008). Double Dvl mutants develop novel and more severe overlapping phenotypes, 

including craniorachischisis and axial truncation, suggesting that functional redundancy is 

present (Etheridge et al., 2008; Hamblet et al., 2002; Wang et al., 2012; Wynshaw-Boris, 

2012). Conditional deletion of the Dvls in ependymal cells that line the ventricles in the 

brain of hGFAP-Cre; Dvl1−/−; Dvl2flox/flox; Dvl3+/− mice lead to hydrocephalus (Ohata et 

al., 2014). Decreasing the gene dosage of the Dvls leads to increased severity of 

developmental phenotypes, such as in Dvl1−/−; Dvl2−/−; Dvl3+/− embryos that develop 

disorganized nodal cilia (Hashimoto et al., 2010). With the exception of the social behavior 

abnormalities, which are attributed to canonical Wnt pathway deficits (Belinson et al., 

2016), the somite segmentation, neural tube defects, and disorganization of stereocilia and 

nodal cilia are primarily associated with the functions of Wnt/PCP signaling.

The importance of both Wnt signaling pathways on embryonic development is evident based 

on the severe morphogenetic defects that arise in canonical Wnt and PCP mutants. However, 

the redundancy of Wnt signaling components has made suppressing both Wnt pathways 

genetically in vivo a major challenge, especially when perturbing these pathways lead to 

peri-implantation lethality. In this study, we disrupted the entire Dvl family of genes to 

generate Dvl triple mutant embryo and cellular models to determine how decreasing Dvl 
gene dosage impacts pre- and post-implantation developmental processes. Overall, we 

demonstrate that the Dvls are dispensable for maintaining self-renewal, but are required for 

proper axis specification, and mesoderm formation and maintenance during differentiation. 

Furthermore, we systematically test whether activating canonical Wnt, BMP and Nodal 

signaling could rescue mesodermal differentiation in vitro in Dvl triple knockout (TKO) 

mutants. While activation of these pathways failed to promote and maintain mesoderm 

differentiation, we found that BMP and Wnt inhibition enhanced endoderm differentiation in 

the absence of the Dvls.

Experimental Details

Generation of Dishevelled Mutant Mice

All animal care and experimental procedures were conducted in accordance to the protocol 

approved by the Institutional Animal Care and Use Committee at Case Western Reserve 

University. To generate Dvl mutant embryos, Dvl1+/−; Dvl2−/−; Dvl3+/− mice were back-
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crossed (as double knockout mutants are gestational lethal) to produce Dvl1+/−; Dvl2−/−; 
Dvl3−/− and Dvl1−/−; Dvl2−/−; Dvl3−/− embryos. Dvl1−/−; Dvl2+/−; Dvl+/− were crossed to 

produce Dvl1−/−; Dvl3+/−, Dvl1−/−; Dvl3−/−, and Dvl1−/−; Dvl2−/−; Dvl3−/− embryos. WT 
embryos expressing Dvl2-EGFP and Dvl3-EYFP BAC alleles were generated by crossing 

mice previously described in Wang et al. (2006).

Genotyping analyses were performed by PCR using genomic DNA from tail tips or whole 

embryos post-staining. The primer combinations were previously described and used to 

genotype Dvl1 (Lijam et al., 1997), Dvl2 (Hamblet et al., 2002; Ohata et al., 2014) and Dvl3 
(Etheridge et al., 2008).

Whole-Mount In Situ Hybridization and Embryo Immunostaining

Whole-mount in situ hybridization with specific probes for Brachyury was performed on 

E7.5 embryos according to standard protocols. Immunostaining of E6.5 embryos were 

dissected and immunostained according to Hashimoto et al. (2010).

Derivation, Culture, and Maintenance of Dishevelled Mutant Mouse Embryonic Stem Cells

Male and female Dvl1−/−; Dvl2flox/flox; Dvl3+/− mice (Ohata et al., 2014) were mated to 

produce Dvl1−/−; Dvl2flox/flox; Dvl3−/− (Dvl DKO) blastocysts. Timed matings were 

performed to obtain blastocysts at E3.5 as previously described (Bryja et al., 2006). Wild-
type (WT) blastocysts were isolated similarly as the Dvl mutants. Each blastocyst was 

placed in a separate well of a 0.1% porcine gelatin-coated 4-well plate with a feeder layer of 

mitotically inactivated mouse embryonic fibroblasts (iMEFs). The blastocysts and derived 

mESC lines were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented 

with 1×106 units of LIF (EMD Millipore), 20% knockout serum replacement (KOSR), 1% 

nonessential amino acids, 1% GlutaMAX, 1% penicillin/streptomycin, and β-

mercaptoethanol. Fresh media containing LIF was replenished daily. By day 3, the 

blastocysts attached onto the plate and began to hatch, forming a single outgrowth from the 

inner cell mass. On day 6, each outgrowth was manually picked and dissociated into small 

clusters of cells with 0.05% trypsin. The trypsin was inactivated with FBS-containing 

medium, and cells were plated back into a single well of a 4-well plate on a new layer of 

iMEFs. Multiple colonies appeared by day 11 and were passaged using 0.05% trypsin for 

further expansion. The mESC lines were continued to be fed daily with fresh LIF and 

passaged every 3 days (Zhang et al., 2018). To minimize iMEF contamination, the mESC 

colonies were incubated for 15 minutes at 37°C with a 1 ml mixture of 1 mg/ml collagenase 

IV (Thermo Fisher Scientific) and 1 mg/ml dispase (Thermo Fisher Scientific) dissolved in 

IMDM. Intact colonies were pelleted for 15 seconds followed by a PBS wash. This brief 

pelleting and wash process was repeated 3 times to remove single cell iMEFs. Genomic 

DNA was isolated for genotyping by PCR using the DNeasy Blood and Tissue kit (Qiagen) 

according to the manufacturer’s instructions. The primers described in Supplemental Table 

S1 were used for genotyping mESCs.

Generation of Dvl1−/−; Dvl2−/−; Dvl3−/− (Dvl TKO) mESCs

Transfection of Dvl1−/−; Dvl2flox/flox; Dvl3−/− mESCs with the Cre-IRES-PuroR plasmid 

(Addgene #30205) was carried out using the Fugene HD Transfection Reagent (Promega) 
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according to the manufacturer’s instructions. After 48 h post-transfection, the positive mESC 

clones were selected by 2.0 μM puromycin (Thermo Fisher Scientific) treatment for 1 week. 

PCR primers flanking the loxP sites in intron 1 and exon 15 of Dvl2 were used to detect 

deletion after Cre recombination. The C/F primers amplifies the wild-type (337 bp) and 

floxed (441 bp) region of intron 1, and the G/J primers amplifies the wild-type (450 bp) and 

floxed (550 bp) region of exon 15 (Supplemental Figure 1A) (Ohata et al., 2014). A 

combination of the C/G/J primers were used to detect Dvl2 deletion. In the event of 

recombination, the C (intron 1) and J (exon 15) primers amplified a 393 bp “deleted” band, 

while the 550 bp “floxed” band produced by the G and J primers were no longer amplified. 

Only the 450 bp band would be present in WT. The C/F/J combination of primers were 

tested, but the sizes of the resulting “floxed” 441 bp and 393 bp “deleted” bands were more 

difficult to resolve (data not shown). Additional primers for exon 5–7 in Dvl2 were used to 

confirm deletion. Dvl1 and Dvl3 deletion were confirmed in the Dvl TKO mESCs. All 

genotyping primers are described in Supplemental Table S1.

RNA-Sequencing and Gene Expression Analysis

RNA was extracted with TRIzol Reagent (Thermo Fisher Scientific) from mESCs and 

embryoid bodies that were cultured for 7 days. RNA purification was performed using the 

Direct-zol RNA Mini-Prep kit (Zymo Research). RNA libraries for each sample were 

prepared using the Illumina TruSeq Stranded Total RNA Library Prep Kit according to the 

manufacturer’s instructions, and sequenced on the Illumina HiSeq 2500 system in rapid run 

mode at the Case Western Reserve University Genomics Core Facility. Raw paired-end 100 

bp reads were trimmed and filtered using cutadapt (options: −q 20 −m 25) (Martin, 2011). 

Quality reads were aligned to mm10 using HISAT2 (Kim et al., 2015; Pertea et al., 2016) 

and converted to sorted BAM files using samtools (Li et al., 2009). Identification of 

differentially expressed genes using DESeq2 (Love et al., 2014), principal component 

analysis (PCA), and additional statistical analyses were performed in R (version 3.5.3). 

Gene set enrichment analysis (GSEA) was performed as described in Subramanian et al. 

(2005). Gene ontology analysis was performed using the online Gene Ontology Consortium 

resource (Ashburner et al., 2000).

Embryoid Body Formation and Drug Treatment

Prior to embryoid body formation, all mouse ESCs were maintained on 0.1% porcine gelatin 

without a feeder layer for at least 2 passages to minimize residual iMEF contamination. The 

mESCs were passaged into single cells, quantified using the Countess II Automated Cell 

Counter (Thermo Fisher Scientific), and 10,000 cells were seeded per well into a 96-well 

low attachment V-bottom plate (Sumitomo). The cells were cultured in IMDM 

supplemented with 20% FBS, 1% nonessential amino acids, 1% GlutaMAX, 1% penicillin/

streptomycin, and β-mercaptoethanol. The following drug treatments were added at the time 

of plating and removed after 48 hours: 100 ng/ml Activin A (R&D Systems), 50 ng/ml 

BMP4 (R&D Systems), 3uM CHIR-99021 (Tocris), 100 ng/ml Wnt3a (R&D Systems), 10 

uM SB-431542 (EMD Millipore), 200 nM LDN-193189 (Stemgent), 0.5 uM IWP L6 

(Tocris). Non-adherent embryoid bodies aggregated within 2 days in culture. The media was 

changed on days 2 and 6. EBs were collected on days 2–7 for DNA, RNA, and protein 

extraction, and immunostaining.
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Gene Expression Analysis by Quantitative RT-PCR

Total RNA from the embryoid bodies cultured for 2–6 days was extracted using TRIzol 

Reagent (Thermo Fisher Scientific) followed by purification with the Direct-zol RNA Mini-

Prep kit (Zymo Research). RNA concentration was measured using the NanoDrop 1000. The 

Superscript IV First Strand Synthesis Master Mix (Thermo Fisher Scientific) was used 

according to the manufacturer’s instructions to reverse transcribe 200 ng of each sample for 

complementary DNA synthesis. The cDNA was diluted at a ratio of 1:3 in DNase/RNase-

free water, and 0.5 μl was used for PCR amplification with the POWER Up SYBR Green 

PCR Master Mix (Thermo Fisher Scientific). The primers used were previously described in 

Zhang et al. (2018) and Kurokawa et al. (2004). Real-time detection of mRNA expression 

was performed with the Life Technologies QuantStudio™ 12 K Flex Real-Time PCR 

System. Every reaction was carried out in quadruplicate, and the fold changes were 

calculated using the comparative Ct method previously described (Schmittgen and Livak, 

2008; Willems et al., 2008). The resulting Ct values were normalized to β-actin at the 

earliest time-point in the control wild-type embryoid bodies. Results are shown ± SEM of 

the mean of at least three independent experiments.

Immunofluorescence Staining

For adherent cell immunofluorescence staining, the cells were washed in PBS, fixed with 

4% paraformaldehyde in PBS for 15 min at room temperature, washed for 5 min 3 times 

with PBS, and permeabilized with 0.5% Triton X-100 in PBS for 10 min. Blocking was 

performed with 10% donkey serum in PBS for at least 1 h, followed by overnight primary 

antibody incubation at 4°C. The following primary antibodies were diluted in the blocking 

solution: Sox2 (Abcam, 1:500) and Oct4 (Santa Cruz; 1:400). Following three 5 min washes 

in PBS, the cells were incubated with the appropriate secondary antibodies conjugated with 

Alexa Fluor 488 or Alexa Fluor 555 (Thermo Fisher Scientific; 1:500) for 30 min at room 

temperature. Cells were counterstained with DAPI (Sigma Aldrich, 1:2000) for 5 min. 

Fluorescence was visualized with the Leica DM6000 inverted microscope. Images were 

acquired using the Q-Imaging Retiga Xi Firewire High-Speed, 12-bit cooled CCD camera 

and Volocity software.

For embryoid body immunofluorescence staining, the EBs were washed once in PBS, fixed 

with 4% paraformaldehyde/PBS overnight at 4°C, followed by three 5 min PBS washes. The 

EBs were cryopreserved in 30% sucrose overnight at 4°C, transferred to a 1:1 mixture of 

30% sucrose and OCT (Thermo Fisher Scientific), and frozen in 100% OCT. Frozen 20 μm 

thick sections were allowed to equilibrate at room temperature for 10 min, and the OCT was 

removed with TBS. The EB sections were permeabilized with TBS-0.5% Triton X-100 for 

12 min and blocked for at least 1 h in 10% donkey serum, 1% filtered bovine serum albumin 

(Sigma Aldrich), and 1% fish gelatin (Sigma Aldrich) in TBS-0.1% Triton X-100 (TBS-T). 

Brachyury (abcam; 1:200) and Otx2 (Neuromics; 1:200) antibodies were diluted in the 

blocking solution and incubated overnight at 4°C. Following three 10 min washes in TBS-T, 

the appropriate secondary antibodies conjugated with Alexa Fluor 488 or Alexa Fluor 555 

(Thermo Fisher Scientific; 1:500) were incubated for 30 min at room temperature. The 

nuclei were counterstained with DAPI (1:2000) for 5 min. Images were acquired with the 

Hamamatsu S60 Slide Scanner. Quantification of cell counts and EB areas was performed 
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using the Visiopharm software and R (version 3.5.3). The R script for measuring EB area 

can be found at https://github.com/geolee123/CellMicroscopyTools.

Western Blotting

Mouse ESCs were washed with ice-cold PBS, scraped, and pelleted. Protein was extracted 

with 50 mM Tris-HCl pH 8, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1% 

Triton X-100, and protease inhibitor cocktail (Sigma Aldrich) and incubated for 30 min at 

4°C with shaking. Whole cell lysates were centrifuged for 30 minutes at 15,000 rpm at 4°C, 

and the supernatant was collected. Protein concentration was measured using the Bradford 

assay (BioRad). Samples were prepared in NuPAGE LDS sample buffer and reducing agent 

(Thermo Fisher Scientific) and boiled for 5 min at 95°C. SDS-PAGE was performed with 15 

μg of protein, followed by protein transfer to nitrocellulose membranes (Thermo Fisher 

Scientific). Blocking was performed for at least 1 h with 5% non-fat milk in TBS-T. The 

following primary antibodies were incubated overnight at 4°C: Dvl2 (Cell Signaling 

Technologies; 1:1000), Dvl3 (Cell Signaling Technologies; 1:1000), β-actin (Sigma Aldrich; 

1:5000). After three 5 min washes with TBS-T, the appropriate secondary antibodies 

conjugated with HRP (Cell Signaling Technologies, 1:1000) were incubated for 1 h at room 

temperature. The membranes were visualized using the Pierce ECL Plus Substrate (Thermo 

Fisher Scientific) and images of the immunoblots were captured with the LI-COR Odyssey 

Fc.

Statistical Analysis

Significant differentially expressed genes were identified based on a False Discovery Rate 

adjusted p-value of 0.05. In qRT-PCR experiments, statistical significance among the drug 

treatments and genotypes was determined using ANOVA with alpha = 0.05. In the cell 

quantification experiments, Student’s unpaired t test was used to determine significance 

between genotypes for each marker. Statistical analyses were performed using GraphPad 

Prism (version 8.3.0). The mean values are shown with the SEM.

Results

Loss of the Dvls Disrupts Anterior-Posterior Axis Specification and Mesoderm Patterning

In previous studies, we failed to recover Dvl2−/−; Dvl3−/− embryos from litters beyond E8.5 

(Wynshaw-Boris, 2012). We hypothesized that these embryos developed defects around the 

time of gastrulation, so we performed in situ hybridization staining at E7.5 for Brachyury, an 

early mesodermal marker (Kispert and Herrmann, 1994; Yamaguchi et al., 1999). In contrast 

to WT, which displayed restricted Brachyury along the posterior embryo (Figure 1A), 

Brachyury expression in Dvl2−/−; Dvl3−/− appeared to be widespread throughout the entire 

embryo due to excessive accumulation of mesodermal tissue in the posterior side of the 

embryo (Figure 1B).

We next investigated how decreasing the Dvl gene dosage would further disrupt mesoderm 

patterning by generating Dvl1+/−; Dvl2−/−; Dvl3−/− embryos and observed incomplete 

penetrance of multiple patterning defects (Figure 1C–1E) at E7.5. A subset of Dvl1+/−; 
Dvl2−/−; Dvl3−/− embryos displayed proximal Brachyury expression, indicative of abnormal 
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A-P axis specification (Figure 1C–C’). In two Dvl1+/−; Dvl2−/−; Dvl3−/− embryos, the 

Brachyury-expressing cells clustered in the proximal posterior region, suggesting that the A-

P axis was established, but the mesodermal cells were defective in migrating out of the 

primitive streak (Figure 1D–D’). Another pair of Dvl1+/−; Dvl2−/−; Dvl3−/− embryos 

appeared to have disorganized ectoderm and abnormal anterior patterning (Figure 1E–E’). 

Overall, these results demonstrate that a single Dvl allele is sufficient to induce mesoderm 

formation, but decreasing the dosage of the Dvls leads to abnormalities in anterior and 

posterior patterning as well as defective mesoderm migration out of the primitive streak.

To examine whether mesoderm induction is dependent on functional Dvls, we generated 

Dvl1−/−; Dvl2−/−; Dvl3−/− (Dvl TKO) embryos. Dvl1−/−; Dvl2+/−; Dvl3+/− mice were 

crossed to produce Dvl TKO embryos at a Mendelian ratio of 1:16. Litters were typically 

small, and Dvl TKO embryos were peri-implantation lethal. The overall size of stage-

matched Dvl TKO embryos was smaller than WT, Dvl2−/−; Dvl3−/−, and Dvl1+/−; Dvl2−/−; 
Dvl3−/− embryos. Moreover, Dvl TKO embryos lacked Brachyury expression at E7.5 and 

failed to induce mesoderm differentiation (Figure 1F–1F’). Based on these results, 

mesoderm induction requires functional Dvl activity.

To test whether the Dvls are required for A-P axis specification, we first determined the 

expression and localization of the Dvls in the distal and anterior visceral endoderm (DVE 

and AVE) using WT embryos ubiquitously expressing Dvl2-EGFP or Dvl3-EYFP BAC 

transgenes, which function similarly to endogenous Dvls since they can fully rescue the 

phenotypes of Dvl2−/− and Dvl3−/− mice (Etheridge et al., 2008; Wang et al., 2006) and 

localize to the posterior side of node cells (Hashimoto et al., 2010). In E6.5 WT embryos, 

Dvl2-EGFP (Figure 1G) and Dvl3-EYFP (Figure 1H) localized in a polarized fashion in the 

DVE and AVE, suggesting that the Dvls are involved in DVE migration to the prospective 

anterior during the process of axis specification. Next, we determined whether the Dvl 
mutants properly express Lefty1, which is important in activating DVE migration (Takaoka 

et al., 2011; Yamamoto et al., 2004). We observed Lefty1 expression in the DVE of Dvl1−/−; 
Dvl3+/− (Figure 1I) and Dvl1−/−; Dvl3−/− (Figure 1J) E6.5 embryos. However, Lefty1 is 

absent in the Dvl TKO embryos (Figure 1K), resulting in the failure to promote DVE 

migration to specify the A-P axis. Nodal expression was previously demonstrated to be 

absent in Dvl1−/−; Dvl2−/−; Dvl3+/− embryos, so the expression of Lefty1 is not dependent 

on Dvl2 (Hashimoto et al., 2010).

Altogether, these results support the requirement of the Dvl genes to regulate mesoderm 

formation and DVE migration to establish the A-P axis. We found that decreasing the gene 

dosage of the Dvls results in more severe defects in the overall patterning of the anterior-

posterior axis and mesoderm, which suggests the gene redundancy of the Dvls may be 

important for maintaining a critical activity threshold in the embryo.

Loss of the Dvls Does Not Negatively Affect the Self-Renewal Properties of Mouse 
Embryonic Stem Cells

The early lethality and low probability of generating Dvl TKO embryos limited our ability to 

fully assess the A-P axis defects and whether the other germ lineages were properly 

established. To further investigate the impact of Dvl loss on germ lineage differentiation and 
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define the genes that are dysregulated during axis specification and mesoderm induction, we 

generated Dvl TKO mouse embryonic stem cells (mESCs) and differentiated these cells into 

3D spheroid cell aggregates called embryoid bodies (EBs) (Figure 2A), which have been 

widely used to model germ lineage specification during gastrulation in vitro (Biechele et al., 

2011; ten Berge et al., 2008; Turner et al., 2017). To obtain Dvl TKO mESCs, we isolated 

and transfected Dvl1−/−; Dvl2flox/flox; Dvl3−/− (Dvl DKO) mESCs with EF1α-Cre 

recombinase (Figure 2A, Supplemental Figure 1A–B) to induce deletion of floxed Dvl2 
(Supplemental Figure 1A, 1D–E, 1G). Deletion of the Dvl1 and Dvl3 was confirmed in Dvl 
DKO and TKO mESCs by PCR (Supplemental Figure 1C, 1F) and RNA-seq (data not 

shown). Furthermore, Dvl2 and Dvl3, which have reliable antibodies available, were not 

expressed at the protein level in the Dvl TKO mESCs (Supplemental Figure 1G).

Absence of the Dvls in mESCs did not negatively impact survival and proliferation, as Dvl 
TKO mESCs were cultured stably for over 20 passages. The Dvl TKO mESCs express 

pluripotency markers, Sox2 and Oct4, and their colony morphology were indistinguishable 

from WT mESCs (Figure 2B). Karyotypically, WT mESCs were normal (Supplemental 

Figure 1H). However, Dvl DKO (Supplemental Figure 1I) and the derived Dvl TKO 

(Supplemental Figure 1J) mESCs displayed loss of a sex chromosome. This phenomenon 

has been documented in mouse ES lines (Gaztelumendi and Nogues, 2014; Sugawara et al., 

2006), and is not expected to affect germ lineage differentiation, as female mice with a 

single X chromosome are developmentally normal and fertile (Probst et al., 2008; Russell et 

al., 1959).

Previous studies have suggested that active canonical Wnt signaling is required to reinforce a 

state of self-renewal in mESCs (Faunes et al., 2013; Kelly et al., 2011). However, we did not 

observe obvious morphological differences between WT and Dvl TKO mESCs to indicate 

premature differentiation among the Dvl TKO mESCs. Therefore, we assessed whether there 

were major transcriptional differences in WT and Dvl TKO mESCs and EBs by RNA-seq. 

Principal component analysis among WT and Dvl TKO mESCs revealed an average 

absolute variance of 2.5% and 6.8% along PC1 and PC2, respectively (Figure 2D). The WT 
and Dvl TKO EBs that have been differentiating for 7 days (Figure 2C), displayed an 

average absolute variance of 31.3% along PC2 (Figure 2D), suggesting that the Dvls play a 

larger role during differentiation than during self-renewal. One of the biological replicates 

for WT and Dvl TKO mESCs contained some differentiated cells, which led to clustering 

with the EBs (Figure 2D). We performed genome-wide gene set enrichment analyses 

(GSEA) on WT and Dvl TKO mESCs and EBs. There was no significant enrichment of 

genes for specific biological processes in comparisons among WT and Dvl TKO mESCs. 

However, among differentiated WT and Dvl TKO EBs, we identified an enrichment of genes 

involved in anterior-posterior pattern specification, mesenchyme morphogenesis, regulation 

of animal organ formation, and heart morphogenesis (Figure 2E). Overall, our results 

demonstrate that Dvl-mediated Wnt activity is dispensable for maintaining a state of self-

renewal, but is required during differentiation.
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Identification of Dysregulated A-P Patterning and Gastrulation-Associated Genes in Dvl 
TKO Embryoid Bodies

A total of 217 differentially expressed (DE) genes were identified (FDR < 0.05) in the 

mESCs by unsupervised hierarchical clustering (Figure 3A). A majority of these DE genes 

were unannotated or non-coding genes (Supplemental Table 2). To confirm Cre-mediated 

deletion of floxed Dvl2, we found that Dvl2 was significantly differentially expressed 

among WT and Dvl TKO mESCs (Supplemental Figure 1K). We performed GSEA on the 

DE genes in mESCs, but found no significant biological process enrichment. A total of 330 

DE genes (FDR < 0.05) were identified among differentiated WT and Dvl TKO EBs, of 

which, 173 were up-regulated and 157 were down-regulated in Dvl TKO (Figure 3B). When 

we performed GSEA on the DE genes in the EBs, we identified gene enrichment among 

Wnt signaling, pattern specification, and gastrulation (Figure 3C). Several genes overlapped 

among the significant biological processes, such as Mesp1, Fgf8, Dkk1, and Wnt3 (Figure 

3C). We were interested in other biological processes represented by the group of 157 down-

regulated genes in the Dvl TKO EBs, so we performed gene ontology (GO) analysis and 

observed significant GO terms for Wnt signaling, AP axis and pattern specification, 

mesoderm, endoderm, and neural plate development, Bone Morphogenetic Pathway (BMP) 

signaling response, and gastrulation and mesodermal cell migration (Figure 3D). No 

significant GO terms were identified among the up-regulated genes in the Dvl TKO EBs.

We further compared the relative expression of genes in specific GO terms (Figure 3D, 

bolded) to infer functional activity. First, we assessed whether the canonical and non-

canonical Wnt pathways were disrupted in Dvl TKO EBs, and observed down-regulation in 

regulatory and target genes, such as Axin2, Sp5, Wnt3, and Dkk1 involved in canonical Wnt 

signaling (Figure 3E) and Wnt5a, Celsr1, Vangl2, and Ror2 involved in Wnt/PCP signaling 

(Figure 3F). We examined additional genes that are important in patterning and gastrulation, 

and identified 81 AP axis specification genes (Figure 3G) and 69 gastrulation induction 

genes (Figure 3H) that were down-regulated in the Dvl TKO EBs. Overall, these results 

demonstrate that the absence of the Dvls disrupts both canonical and non-canonical Wnt 

signaling during differentiation, and deletion of the Dvl family of genes selectively 

dysregulates a significant number of genes required for axis formation and gastrulation 

induction.

Loss of the Dvls Suppresses Mesoderm Induction but Endoderm and Ectoderm 
Differentiation Remain Intact

We next examined the genes in the GO terms involved in germ lineage development 

previously identified in our gene ontology analysis (Figure 3D). We identified 37 genes 

required for mesoderm formation, some of which are not direct β-catenin targets, that were 

significantly down-regulated in the Dvl TKO EBs (Figure 4A). This result is consistent with 

the Dvl TKO in vivo phenotype (Figure 1F). Several endoderm (i.e. Sox17 and Gata4) and 

neuroectoderm (i.e. Pax6 and Otx2) genes were upregulated in Dvl TKO EBs compared to 

WT, demonstrating that induction of these lineages was not completely disrupted in the 

absence of the Dvls (Figure 4B–C). However, despite the upregulation of endodermal and 

ectodermal lineage identity genes in the Dvl TKO EBs, we observed down-regulation of 

transcription factors that are required for patterning and organization, such as Hnf1b and 
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Dab2 (Figure 4B, for endoderm) as well as Ptch1, Tbx2, and Tbx3 (Figure 4C, for 

ectoderm). Therefore, the maintenance and patterning of these lineages in vivo could 

potentially be abnormal in the Dvl TKO EBs after induction.

We performed Brachyury and Otx2 immunostaining at the end of the differentiation process 

(Figure 4D–E). In WT EBs, there was a mean of 16.5% ± 0.03 Brachyury-positive cells, 

while there were no detectable Brachyury-positive cells in all Dvl TKO EBs analyzed 

(Figure 4E, n=20 EBs/genotype). There was a slightly higher number of Otx2-positive cells 

in the Dvl TKO EBs (51.0%±0.020), compared to WT EBs (46.0%±0.025), but this 

difference was not statistically significant (Figure 4F).

To determine the differences in germ lineage induction throughout the EB differentiation 

time course, we measured the relative mRNA levels of Brachyury (mesoderm, Figure 4G), 

GATA4 (endoderm, Figure 4H), and Otx2 (ectoderm, Figure 4I). Brachyury expression 

increased 32 to 172-fold in WT EBs, while remaining at baseline in Dvl TKO EBs over time 

(Figure 4G). While the relative expression levels of GATA4 and Otx2 mRNA in Dvl TKO 

EBs were higher than WT EBs throughout the differentiation time course, the fold 

differences were not statistically significant (Figure 4H–I). Overall, these results 

demonstrate that the loss of the Dvls selectively inhibits mesoderm differentiation, but 

endoderm and ectoderm differentiation remain intact.

Activation of Canonical Wnt, BMP, and Nodal Signaling Fails to Rescue Mesoderm 
Differentiation in Dvl TKO Embryoid Bodies

Wnt signaling activates BMP and Nodal pathways to coordinate important developmental 

processes, so we determined whether the absence of Dvl-mediated Wnt signaling negatively 

impacts the expression of key genes in these pathways. Several BMP-associated genes were 

down-regulated in the Dvl TKO EBs, such as Bmpr1a, Bmp2, Bmp4, Bmp5, Bmp7, Smad1 
and Smad4, all of which have been shown to be required in primitive streak formation 

(Figure 5A) (Zhao, 2002). Conversely, not all Nodal target genes were down-regulated in the 

Dvl TKO EBs, but we observed decreased expression of Nodal regulatory genes, such as 

Cer1, and genes that mediate Nodal-dependent left-right asymmetry, such as Cfc1 and 

Pkd1l1 (Figure 5B).

We tested whether activating canonical Wnt, BMP, and Nodal signaling could rescue the 

mesoderm differentiation defects in the Dvl TKO EBs. During the first 2 days of EB 

formation, WT and Dvl TKO cells were directly stimulated with drug treatment to ensure 

uniform exposure among the aggregating cells (Supplemental Figure 2A–C). We observed 

changes in morphology (Supplemental Figure 2B–C) and measured the 2-dimensional area 

of each EB to infer whether the cells were actively proliferating over the differentiation time 

course (Supplemental Figure 2D). WT EBs displayed increased complexity and larger 

outgrowths over time, while the overall structure of the Dvl TKO EBs remained round with 

a distinct outer ectodermal ring (Supplemental Figure 2B–C) (Coucouvanis and Martin, 

1999). Treatment with BMP (BMP4), canonical Wnt (Wnt3a and CHIR-99021), and Nodal 

(Activin A) pathway activators all led to increased areas over time in the WT EBs relative to 

the untreated WT controls (Supplemental Figure 2B, 2D), demonstrating effective doses of 

these activators. Compared to the untreated Dvl TKO controls, BMP4 and Activin A 
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treatment resulted in increases in the overall EB areas on days 6–7 of differentiation, but 

Wnt3a and CHIR-99021 did not significantly increase Dvl TKO EB size (Supplemental 

Figure 2C, 2D).

We next evaluated the effect of each treatment on the differentiation potential of the three 

germ lineages. WT and Dvl TKO EBs were treated with Wnt3a and CHIR-99021 to activate 

canonical Wnt signaling (Figure 5C–D). Wnt3a functions upstream of the Dvl proteins, 

whereas CHIR-99021 functions downstream of the Dvl proteins to stabilize β-catenin. 

Compared to the untreated WT control, Wnt3a and CHIR-99021 treatment did not appear to 

enhance the overall number of Brachyury-positive cells in WT EBs (Figure 5C, 5E). 

However, CHIR-99021, but not Wnt3a, treatment resulted in earlier Brachyury induction at 

day 2 of differentiation, compared to the untreated WT control that induced Brachyury by 

day 4 (Figure 5G). These results suggest that Wnt activation affects the timing of mesoderm 

induction rather than the expansion of the number of Brachyury-positive mesodermal cells 

within the EBs.

In the Dvl TKO EBs, neither Wnt3a nor CHIR-99021 resulted in the presence of Brachyury-

positive cells by IHC (Figure 5D–E). Wnt3a did not rescue Brachyury mRNA expression, 

while CHIR-99021 treatment appeared to induce Brachyury mRNA expression on day 2 

when the EBs were still directly exposed to this drug (Figure 5G). In the absence of direct 

stimulation by CHIR-99021 in the Dvl TKO EBs, we observe that the Brachyury levels 

returned to baseline and were not maintained over the time course of differentiation (Figure 

5G). These results demonstrate that canonical Wnt can be activated in the absence of the 

Dvls, as CHIR-99021 activates canonical Wnt downstream of the Dvls, but the Dvls are 

required to maintain Wnt activity to induce mesoderm differentiation.

We next tested whether BMP and Nodal signaling could rescue the mesoderm differentiation 

defects in Dvl TKO EBs independently of Wnt activation. BMP4 and Activin A treatments 

both led to an increase in the number of Brachyury-positive cells in WT EBs (Figure 5C, 

5E). BMP4 induced Brachyury expression earlier than the untreated control and Activin A 

treatment (Figure 5G). Furthermore, BMP4 and Activin A both resulted in more robust 

Brachyury expression compared to Wnt activation with Wnt3a and CHIR-99021 (Figure 

5G), which is consistent with previous studies (Bernardo et al., 2011; Turner et al., 2017). 

However, BMP4 and Activin A treatment failed to induce Brachyury expression in Dvl TKO 

EBs (Figure 5D, 5E, 5G), suggesting that Wnt activation is required to initiate differentiation 

while BMP and Nodal signaling act synergistically with Wnt to promote mesoderm 

expansion.

Overall, we found that without Wnt activity mediated by the Dvls, BMP and Nodal signaling 

activation are unable to rescue the defects in mesoderm differentiation in the Dvl TKO EBs. 

In WT EBs, Wnt and BMP signaling appear to initiate mesoderm differentiation, as 

stimulation by CHIR-99021 and BMP4, respectively, led to earlier Brachyury expression 

compared to the untreated controls. Nodal activation did not affect the time of mesoderm 

induction, but rather appears to act synergistically to enhance expansion of the mesodermal 

cell population.
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Inhibition of Canonical Wnt, BMP, and Nodal Signaling in WT Embryoid Bodies 
Phenocopies Mesoderm Differentiation Defects in Dvl TKO EBs

To determine if the mesoderm defects in the Dvl TKO EBs can be recapitulated in WT EBs, 

we inhibited the Wnt, BMP, and Nodal signaling pathways in WT EBs during the first 2 

days of EB formation (Figure 6, Supplemental Figure 2A–C). Interestingly, when compared 

to the untreated control, the overall areas of WT EBs treated with BMP (LDN-193189) and 

canonical/non-canonical Wnt (IWP L6) inhibitors did not increase over time, whereas Nodal 

inhibition (SB-431542) did not significantly impact EB size (Supplemental Figure 2B, 2D). 

Compared to the untreated control, Dvl TKO EBs appeared to be unaffected by these 

inhibitors, and remained smaller than WT EBs (Supplemental Figure 2C, 2D). Importantly, 

we were unable to detect Brachyury-positive cells by IHC in WT EBs treated with 

LDN-193189, IWP L6, and SB-431542 throughout the differentiation time course, even 

after the drugs were removed on day 2 (Figure 6A, 6C). Furthermore, suppression of BMP 

and canonical/non-canonical Wnt pathways led to an attenuation of Brachyury expression 

(Figure 6E). However, Nodal signaling inhibition with SB-431542 did not completely 

diminish Brachyury levels in the WT EBs (Figure 6E). As expected, treatment of Dvl TKO 

EBs with these inhibitors did not affect Brachyury expression over time (Figure 6B–C). 

Altogether, these results further support that mesoderm induction is driven by Wnt and BMP 

signaling, while Nodal signaling acts synergistically to reinforce mesodermal fate 

specification rather than directly regulate mesoderm induction.

Decreased Wnt and BMP Signaling in the Absence of the Dvls Enhances Endoderm 
Differentiation

The in vivo effects of complete Dvl loss on endoderm differentiation was previously 

unknown due to early embryonic lethality. Therefore, we measured the mRNA levels of 

GATA4 over the time course of EB formation to determine the differences in endoderm 

differentiation potential. Spontaneous endoderm differentiation was low in untreated WT 
and Dvl TKO EBs with GATA4 expression near baseline throughout the differentiation time 

course (Figure 5H). BMP4 stimulation overall did not result in significant increases in 

GATA4, except in Dvl TKO EBs on day 2 (Figure 5H). Since the EBs were treated with 

each drug for 48 h, the spike in GATA4 in the Dvl TKO EBs may be an effect of direct 

BMP4 stimulation to induce earlier endoderm differentiation. However, beyond day 2, the 

GATA4 levels remain near baseline (Figure 5H), suggesting that the transient increase may 

be an artifact of culture, rather than an indication of early endoderm differentiation.

Wnt activation during differentiation led to increases in GATA4 in WT and Dvl TKO EBs, 

with CHIR-99021 treatment resulting in higher expression levels than Wnt3a (Figure 5H). 

We anticipated that the Dvl TKO EBs treated with CHIR-99021 would result in similar 

GATA4 expression levels as WT EBs. However, CHIR-treated Dvl TKO EBs displayed a 

20-fold increase in GATA4 compared to the untreated controls and approximately 2 to 5-fold 

higher GATA4 compared to CHIR-treated WT EBs throughout the differentiation time 

course (Figure 5H). Surprisingly, Wnt3a appeared to increase GATA4 expression over time 

in Dvl TKO EBs, which may indicate that Wnt3a can function independently of Dvl-

mediated Wnt activation to induce endoderm differentiation.
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Nodal signaling activation by Activin A promotes endoderm differentiation in vitro 
(D’Amour et al., 2005; Kraus and Grapin-Botton, 2012; Loh et al., 2014). By day 6 of 

differentiation, the expression of GATA6 was increased in Activin A-treated WT and Dvl 
TKO EBs by 3-fold and 6-fold, respectively, compared to the untreated controls (Figure 5H).

It is likely that the signaling dynamics that promote robust mesoderm activation in the EBs 

may have antagonistic effects on endoderm differentiation in culture (Bernardo et al., 2011; 

Loebel et al., 2003; Loh et al., 2014). Since BMP4 and Activin A treatment enhanced 

mesoderm differentiation in WT EBs (Figures 5G), we tested whether inhibition BMP and 

Nodal signaling could induce endoderm differentiation. Indeed, we found that LDN-193189 

and SB-431542 treatments, which inhibited mesoderm differentiation (Figure 6E), resulted 

in increased GATA4 expression in WT EBs (Figure 6F). BMP inhibition, in particular, 

promoted earlier and enhanced endoderm differentiation (Figure 6F). The Dvl TKO EBs 

treated with LDN-193189 displayed even greater GATA4 mRNA levels compared to WT 
(Figure 6F), which prompted us to test whether inhibition of Wnt also promoted endoderm 

differentiation. While the increased GATA4 expression in the presence of Wnt3a and 

CHIR-99021 suggests that activation of Wnt is required for endoderm formation, we found 

that IWP L6 treatment led to even more robust GATA4 expression (Figure 6F). Notably, 

IWP L6-treated Dvl TKO EBs displayed a 41 to 188-fold increase in GATA4 during the 

differentiation process and was much more pronounced than IWP L6-treated WT EBs 

(Figure 6F). While Wnt signaling is involved in endoderm development, these results 

suggest that antagonizing mesoderm induction by inhibiting BMP and Wnt signaling 

promotes endoderm differentiation and supports previous published findings (Loebel et al., 

2003; Loh et al., 2014; Vallier et al., 2009).

Absence of the Dvls Does Not Prevent Ectoderm Differentiation

During spontaneous differentiation, pluripotent cells adopt an ectodermal and neural fate by 

default (Lenka and Ramasamy, 2007; Munoz-Sanjuan and Brivanlou, 2002). Suppression of 

canonical Wnt, BMP, and Nodal signaling promotes ectoderm differentiation while 

inhibiting mesoderm formation (Arkell et al., 2013; Li et al., 2013; Liu et al., 2018; Patani et 

al., 2009; Patthey and Gunhaga, 2014; Vallier et al., 2004). Therefore, we expected to 

observe enhanced ectodermal differentiation and increased expression of the ectoderm 

marker, Otx2, in the Dvl TKO EBs, which also have decreased BMP signaling (Figure 5A). 

However, there were no significant differences in Otx2-positive cells at the protein level in 

the Dvl TKO EBs with or without drug treatment (Figure 5F, 6D).

We mainly observed a delay in the down-regulation of Otx2 mRNA in Dvl TKO EBs, rather 

than enhanced expression (Supplemental Figure 3). In the untreated EBs, Otx2 expression 

was maintained in the Dvl TKO EBs from days 2–5, while in WT EBs, Otx2 declined 

throughout the differentiation process (Figure 4I). Activation of canonical Wnt, BMP, and 

Nodal signaling further decreased Otx2 expression in WT EBs compared to the untreated 

controls, but BMP4, Wnt3a, and Activin A treatments led to a delay in Otx2 suppression in 

Dvl TKO EBs (Supplemental Figure 3). Wnt3a, which does not activate canonical Wnt 

signaling in the Dvl TKO EBs, did not suppress Otx2 levels, whereas CHIR-99021 treatment 

resulted in similar Otx2 expression in Dvl TKO as WT EBs (Supplemental Figure 3). It is 
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possible that BMP4 and Activin A treatment may lead to secondary effects that delay 

ectoderm suppression in the absence of the Dvls and mesoderm differentiation.

Inhibition of BMP (LDN-193189) and Wnt (IWP L6) and Nodal (SB-431542) all led to a 

delay in the decline of Otx2 expression in WT and Dvl TKO EBs, but did not enhance Otx2 

expression over the course of differentiation (Supplemental Figure 3). The WT EBs 

morphologically resembled the Dvl TKO EBs by forming the outer ectodermal ring of cells 

(Supplemental Figure 2B) and displayed reduced proliferation over time (Supplemental 

Figure 2D). Although the differences in Otx2 expression in WT and Dvl TKO EBs were 

minor, these results demonstrate that the absence of the Dvls does not inhibit ectoderm 

differentiation.

Discussion

The Dishevelleds Are Required During Early Embryonic Development

Complete disruption of the Dvl genes has profound consequences on early embryonic 

development since they are required to transduce canonical and non-canonical Wnt 

signaling. Despite their functional redundancy, we found that the severity of A-P axis 

specification and mesoderm formation defects increases as the dosage of the Dvl genes 

decreases. Using a 3D embryoid body system allowed us to model germ lineage 

differentiation in vitro and identify a plethora of dysregulated genes that impact A-P pattern 

specification, gastrulation induction, mesoderm formation and its derived tissues. 

Furthermore, we demonstrate that activating canonical Wnt, BMP, and Nodal signaling in 

the absence of the Dvls fails to rescue mesodermal differentiation, suggesting a potential 

role of Wnt/PCP signaling in regulating mesoderm development.

Other studies have sought to disrupt both canonical and non-canonical signaling to 

determine the effects on early development though deletion of Porcupine (Porcn), which is a 

non-redundant gene required for Wnt ligand secretion (Barrott et al., 2011; Biechele et al., 

2013; Biechele et al., 2011). However, the observed phenotypes of the Porcn−/− mutants are 

less severe than the Dvl TKO, β-catenin−/− and mpk1−/− mutants, in which both axis 

specification and mesoderm induction are defective. Rather, Porcn−/− resemble Wnt3−/− 

mutants that undergo proper A-P specification but lack mesoderm differentiation (Biechele 

et al., 2013; Biechele et al., 2011). Reduced canonical Wnt reporter activity was confirmed 

in these embryos, but the impact on non-canonical Wnt is unknown. A recent study 

demonstrated that Porcn activity might not be required for all Wnt ligand secretion, 

suggesting that its function may be context-dependent (Richards et al., 2014). As such, it is 

possible that Porcn deletion might not simultaneously disrupt both Wnt signaling pathways, 

which would explain the development of their less severe phenotypes compared to the Dvl 
TKO embryos.

In another study by Soares et al. (2005), Dvl1, Dvl2, and Dvl3 were knocked down using 

RNAi during pre-implantation. The Dvl knock-down embryos displayed developmental 

delay, but gastrulation induction and mesodermal differentiation remained intact in 60% of 

analyzed embryos. These embryos retained approximately 24–30% expression of each Dvl, 

which may have been sufficient to maintain Wnt signaling in a redundant manner (Soares et 
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al., 2005). Dvl knock-down embryos displayed normal Brachyury expression in contrast to 

our observations in Dvl2−/−; Dvl3−/−, Dvl1+/−; Dvl2−/−; Dvl3−/− and Dvl TKO embryos.

It is unclear why the Dvl1+/−; Dvl2−/−; Dvl3−/− embryos exhibit varying severities of 

defective axis specification where a subset of embryos had undergone proper A-P formation. 

We have previously observed variable or incompletely penetrant phenotypes in single and 

double Dvl mutants, such as the 50% penetrant conotruncal defects displayed by Dvl2−/− 

embryos (Hamblet et al., 2002). It is possible that differing levels of maternal Dvl exposure 

could potentially compensate for some of the developmental defects, or that non-genetic 

effects are responsible for the variable expressivity in Dvl mutants. Despite the 

heterogeneous defects observed in the Dvl1+/−; Dvl2−/−; Dvl3−/− embryos, it is clear that a 

single allele of Dvl is sufficient to induce mesoderm differentiation, but fails to organize 

proper mesoderm patterning. Furthermore, the lack of Brachyury and Lefty1 expression in 

the Dvl TKO embryos reinforce the importance of the Dvls in regulating DVE migration for 

axis specification and patterning during gastrulation.

The Dishevelleds Are Not Required for Maintaining Self-Renewal in mESCs

Several studies have proposed that canonical Wnt signaling is an important regulator of self-

renewal in mouse ESCs (Hao et al., 2006; Ogawa et al., 2006; Sato et al., 2004), as 

activation of canonical Wnt signaling by GSK3 inhibition can increase the efficiency of 

somatic cell reprogramming (Wray et al., 2011) and β-catenin can regulate the activities of 

Oct4 and Nanog to reinforce pluripotency (Faunes et al., 2013; Kelly et al., 2011). However, 

other studies have shown that the transcriptional activity of canonical Wnt is repressed 

during pre-implantation development and is not required for the expression of pluripotency 

markers in human and mouse ESCs (Davidson et al., 2012; Lyashenko et al., 2011; Na et al., 

2007; Xu et al., 2016). Furthermore, Wnt mutants, such as β-catenin−/− embryos, are also 

capable of survival past pre-implantation, and β-catenin−/− mESCs are viable and retain self-

renewal properties (Haegel et al., 1995; Huelsken et al., 2000; Lyashenko et al., 2011). 

Overall, these conflicting studies highlight the dynamic nature of Wnt signaling during 

development that is both context-and time-dependent.

Our studies that eliminate Dvl-dependent Wnt signaling further support the notion that Wnt 

signaling is not required to maintain a state of self-renewal in mESCs. Dvl TKO mESCs 

express pluripotent markers and continue to exhibit self-renewal properties for over 20 

passages without spontaneously differentiating. In addition, Dvl TKO embryos survive 

through the pre-implantation, further suggesting that Dvl-mediated Wnt activity is 

dispensable at this stage of development.

Loss of the Dishevelleds Selectively Disrupts Mesoderm Induction but is Permissive for 
Endoderm and Ectoderm Differentiation

Due to the early lethality in the Dvl TKO embryos, we took advantage of using an EB 

system where we were able to recapitulate the mesodermal defects and demonstrate that 

endoderm and ectoderm differentiation is induced in the absence of Dvl-mediated Wnt 

signaling. We expected ectoderm differentiation to remain intact since β-catenin−/− embryos 

and EBs are able to form ectodermal tissues (Haegel et al., 1995; Huelsken et al., 2000; 
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Lyashenko et al., 2011). However, it was surprising that Dvl TKO EBs were able to undergo 

endoderm differentiation, given that Wnt signaling is involved in its development. In 

addition, Wnt3a treatment, which would not activate Wnt signaling in the Dvl TKO EBs, 

resulted in increased GATA4 expression. It is possible that Wnt3a may exert its effects 

independently of the Dvls. Furthermore, endoderm differentiation potential was further 

enhanced with BMP inhibition. Although the Dvls appear to be dispensable for endoderm 

differentiation, it is likely that in vivo these germ lineages will harbor defects in endoderm 

patterning and morphogenesis without sustained Wnt signaling. Mutants with conditional β-
catenin deletion in Sox17 lineage cells were able to specify definitive endoderm identity, but 

ultimately failed to properly form the endoderm germ layer (Engert et al., 2013). Additional 

studies would be needed to further confirm in vivo endodermal defects in Dvl TKO 

embryos.

Intersection of Dvl-Mediated Wnt Signaling with BMP and Nodal Developmental Pathways 
During Lineage Differentiation

We demonstrate that the Dvls are necessary to regulate BMP and Wnt signaling to induce 

mesoderm, and loss of this signaling activity helps to drive endoderm differentiation (Figure 

7A). Activation of BMP, canonical Wnt, and Nodal signaling was insufficient to rescue the 

mesodermal differentiation defects in Dvl TKO EBs, but inhibition of these pathways in WT 
EBs phenocopied the lineage differentiation potentials of Dvl TKO EBs (Figure 7B–C). 

Moreover, the down-regulation of key BMP signaling genes and dysregulation of Nodal-

associated genes in the Dvl TKO EBs (Figure 5, Figure 7A) could also contribute to a 

refractory response to BMP4 and Activin A treatment, which would further prevent 

phenotypic rescue.

In the Dvl TKO EBs, the reduced capacity of BMP and Wnt signaling, which in turn feed 

back to Nodal pathway activation, led to suppression of mesoderm differentiation, but it had 

the opposite effect on endoderm and ectoderm differentiation (Figure 7B). Dvl TKO EBs 

displayed increased endoderm differentiation potential compared to WT EBs. Furthermore, 

the decreased BMP response in Dvl TKO EBs may have enhanced the effects of the BMP 

inhibitor, LDN-193189, as well as worked synergistically with the Wnt inhibitor, IWP L6, to 

promote endoderm differentiation (Figure 7A–B).

Despite the lack of significant differences in ectoderm differentiation in WT and Dvl TKO 

EBs, we observed a delay in the decreased ectodermal lineage potential in Dvl TKO EBs 

(Figure 7B). Even in the presence of BMP4 and Activin A stimulation, which typically 

inhibit ectodermal fate, Dvl TKO EBs displayed slightly increased ectoderm differentiation 

potential compared to WT EBs. It is possible that these drugs might have secondary effects 

that lead to the transient increase in ectoderm potential. We observed similar trends in gene 

expression between Dvl TKO and WT EBs treated with the inhibitors, suggesting that 

modulating these pathways does have a biological effect on ectoderm differentiation (Figure 

7B–C). Alternative 3D culture systems, such as cerebral organoids, may be more suitable to 

determine the differences in ectoderm differentiation.
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Potential Role for Wnt/PCP Signaling

We have previously shown that PCP-specific phenotypes occur in the single, double, and 

triple Dvl1/2/3 mutants. With the exception of the abnormal behavioral phenotypes, which 

appear to be the result of canonical Wnt signaling (Belinson et al., 2016), we demonstrate 

that a number of the developmental defects in the brain, neural tube, somites, heart, and 

inner ear are caused by PCP effects (Etheridge et al., 2008; Hamblet et al., 2002; Ohata et 

al., 2014; Wang et al., 2006). Based on these studies, we have strong evidence to expect that 

the complete triple Dvl KO embryos display PCP-associated defects.

When we systematically tested whether activating BMP, Nodal, or canonical Wnt signaling 

in the Dvl TKO EBs could rescue mesoderm differentiation, we found that none of the small 

molecule activators, particularly CHIR99021, could maintain Brachyury expression. In 

addition, the suppression of Brachyury expression in WT EBs with IWP treatment is likely 

to be a consequence of disrupting both Wnt signaling pathways, not solely due to canonical 

Wnt signaling inhibition. Previous studies have demonstrated that deletion of JNK1/2 in 

mESCs result in mesoderm differentiation defects in teratoma formation assays (Xu and 

Davis, 2010). Furthermore, the treatment of pre-gastrulating rabbit embryos with the Rock 

inhibitor, Y-27632, results in deformation of the primitive streak and inhibits Brachyury 

expression in a dose-dependent manner (Stankova et al., 2015). Altogether, these studies 

provide evidence that the activation of PCP downstream of the Dvls is involved in mesoderm 

differentiation and Brachyury expression, in addition to canonical Wnt signaling.

Whether Wnt/PCP activates or represses canonical Wnt signaling activity may be context-

dependent. Previous studies suggest that activation of Wnt/PCP by Wnt5a binding to Ror2 

may repress canonical Wnt signaling by regulating β-catenin stability and expression 

(Mikels and Nusse, 2006; Topol et al., 2003) or through competition for Dvl binding (van 

Amerongen and Nusse, 2009). Conversely, other work has shown that activation by Wnt8a 

binding to Ror2 can control paracrine Wnt/β-catenin activation through the formation of 

cytonemes (Mattes et al., 2018). Moreover, the AVE and mesodermal defects that arise in 

Wnt/PCP mutants, such as mpk1−/− (Tao et al., 2009) and Rac1−/− (Migeotte et al., 2011; 

Migeotte et al., 2010), closely resemble the phenotypes observed in β-catenin−/− mutants as 

well as the Dvl TKO mutants. The similarity in phenotypes that manifest when these two 

independent pathways are perturbed would suggest that the Wnt pathways must interact on 

some level to regulate development. Additional studies are needed to better understand the 

differential roles and crosstalk between the Wnt pathways.

In our studies, we found that the gene expression of Ror2, Wnt5a, Wnt8a, and other core 

PCP components were all significantly down-regulated in the Dvl TKO EBs (Figure 3E). If 

Wnt/PCP signaling through Ror2 and the Dvls does indeed play a role in regulating 

canonical Wnt activation during mesoderm development, it would partially explain why 

CHIR99021 treatment alone was not sufficient to rescue the Dvl TKO defects. Alternatively, 

perhaps a certain threshold of Wnt/β-catenin and/or Wnt/PCP signaling is required to induce 

and maintain mesoderm formation, based on the increasing severity of developmental 

phenotypes that arise as the gene dosage of Dvl decreases.
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Signaling Crosstalk of Developmental Pathways

While the crosstalk between canonical Wnt, BMP, and Nodal have been extensively studied 

in a number of different developmental contexts (reviewed in (Itasaki and Hoppler, 2010; 

Luo, 2017)), the role of Wnt/PCP in the regulation of BMP and Nodal signaling activity is 

unclear. There was decreased expression of key BMP signaling genes in the Dvl TKO EBs, 

but we could not definitively determine if this was due to the disruption of canonical and/or 

non-canonical Wnt signaling. The interaction of Wnt/PCP and BMP signaling has been 

implicated in limb development (Bernatik et al., 2017; Wang et al., 2012) where mutations 

in Ror2 and Noggin lead to similar brachydactyly disorders.

In addition, Nodal signaling has been implicated in regulating the expression of Dvl2 to the 

lateral plasma membrane of epiblast visceral endodermal cells to activate PCP signaling 

(Trichas et al., 2011). Disrupting Dvl2 planar polarization resulted in abnormal AVE 

migration onto the extra-embryonic ectoderm (Trichas et al., 2011). Furthermore, Nodal null 

mutants displayed reduced membrane localization of Dvl2, while Lefty1 null mutants 

resulted in increased ectopic Dvl2 localization (Trichas et al., 2011). The role of PCP 

signaling during early development has been underappreciated and challenging to study 

since no direct gene targets have been identified to date. Our studies suggest that PCP 

signaling may also be crucial for axis specification, germ lineage differentiation, and 

patterning. Additional work is needed to better understand how PCP signaling is integrated 

into the overall developmental signaling network to regulate early developmental processes.

Conclusion

These studies highlight the importance of the Dvl genes in regulating early developmental 

processes. Loss of the Dvls does not negatively impact pre-implantation development or 

self-renewal properties in mESCs. However, proper gene dosage of the Dvls is required to 

establish a certain threshold of Wnt signaling to regulate A-P axis specification, gastrulation 

induction, and mesoderm differentiation. Deletion of the Dvls leads to down-regulation of 

key BMP signaling genes, which specifically exacerbates the defects in mesoderm induction, 

while endoderm and ectoderm differentiation remain intact. Our results suggest that 

Wnt/PCP signaling may also play a major role during gastrulation since activation of BMP, 

Nodal, and canonical Wnt signaling failed to rescue the mesodermal defects in Dvl TKO 

EBs.
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Highlights

• We investigated the role of the Dishevelled family of genes my making triple 

Dvl1, Dvl2 and Dvl3 null mutants (Dvl TKO).

• We identified several defects in anterior-posterior axis specification and 

mesoderm patterning in vivo

• We generated Dvl TKO mouse embryonic stem cells (mESCs) and compared 

the transcriptional profile of these cells with wild-type (WT) mESCs during 

germ lineage differentiation into 3D embryoid bodies (EBs).

• We identified major transcriptional dysregulation in the Dvl TKO EBs during 

differentiation in a number of genes involved in anterior-posterior pattern 

specification, gastrulation induction, mesenchyme morphogenesis, and 

mesoderm-derived tissue development.
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Figure 1. Loss of the Dvls Disrupts Anterior-Posterior Axis Specification and Mesoderm 
Patterning.
Whole-mount in situ hybridization staining for mesoderm marker, Brachyury, in 

representative E7.5 embryos. The expression patterns of Brachyury are shown for A) WT 
(n=1), B) Dvl2−/−; Dvl3−/− (n=1), C-E) Dvl1+/−; Dvl2−/−; Dvl3−/− (n=5), and F) Dvl1−/−; 
Dvl2−/−; Dvl3−/− (n=2) embryos. C–F) Lateral and C’-F’) transverse views of the egg 

cylinders are shown. B) Dvl2−/−; Dvl3−/− embryos exhibit excessive accumulation of 

Brachyury-positive mesoderm in the posterior region, leading to the widespread appearance 

of expression throughout the embryo. Dvl1+/−; Dvl2−/−; Dvl3−/− display multiple 

developmental defects, including C–C’) proximal Brachyury expression, D–D’) 
accumulation of mesoderm in the proximal posterior region, and E-E’) disorganization of 

the anterior ectoderm. F-F’) Dvl1−/−; Dvl2−/−; Dvl3−/− embryos are smaller than the other 

Dvl mutants and completely lack Brachyury expression. G-H) Immunofluorescence staining 

of E6.5 transgenic embryos expressing Dvl2-EGFP and Dvl3-EYFP BAC transgenes show 

polarized expression of G) Dvl2-EGFP (green) (n=1) and H) Dvl3-EYFP (green) (n=1) in 

the DVE and AVE. Phalloidin (red) stains the actin filaments for contrast. I-K) To 

demonstrate DVE migration to the prospective anterior, immunofluorescence staining for 

Lefty1 in E6.5 Dvl mutants is shown. Lefty1 (green) is expressed in the migrating DVE of I) 
Dvl1−/−; Dvl3+/− (n=1) and J) Dvl1−/−; Dvl3−/− (n=1) embryos, but it is absent in K) 
Dvl1−/−; Dvl2−/−; Dvl3−/− (n=1) embryos. Arrow indicates the direction of migration 

towards the prospective anterior of the embryo. DAPI (cyan) and phalloidin (red) stain the 

nuclei and actin filaments, respectively, for contrast. Scale bar = 200 μm. A, anterior; P, 

posterior; Prox, proximal; DVE, distal visceral endoderm; AVE, anterior visceral endoderm.
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Figure 2: Generation of Dvl TKO Mouse Embryonic Stem Cells and Embryoid Bodies.
A) Schematic for the generation of Dvl TKO mESCs and EBs. Conditional Dvl1−/−; 
Dvl2flox/flox; Dvl3−/− blastocysts are isolated and cultured to generate mESCs, followed by 

transfection of EF1α-Cre recombinase to induce floxed Dvl2 deletion. B) WT and Dvl TKO 

mESCs were stably passaged for more than 20 passages to confirm self-renewal properties 

(brightfield images) and stained for pluripotency markers, Sox2 (green), Oct4 (red), and 

nuclear DAPI (blue). Scale bars = 100 μm. C) Representative images of WT and Dvl TKO 

mESCs were differentiated into EBs over the time course of 6 days. Morphology of Dvl 
TKO EBs is distinct from WT EBs. An outer ectodermal ring of cells is visible in Dvl TKO 

EBs, but was not typically observed in WT EBs. Scale bar = 500 μm. D) Variance in global 

gene expression was compared between WT and Dvl TKO mESCs and EBs by principal 

component analysis. Among the WT and Dvl TKO mESCs an average absolute variance of 

2.5% and 6.8% is observed along PC1 and PC2, respectively. One of the biological 

replicates for WT and Dvl TKO mESCs contained some differentiated cells, which led to 

clustering with the EBs. Otherwise, the mESCs displayed distinct separation from the 

differentiated EBs. There was a 31.3% variance between differentiating WT and Dvl TKO 

EBs along PC2. E) Genome-wide gene set enrichment analysis (GSEA) of genes in WT and 

Dvl TKO EBs. Significant enrichment of genes was observed in biological processes 

associated with axis specification, regulation of organ formation, and development of 

mesoderm-derived tissues, such as the mesenchyme and heart.
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Figure 3: Identification of Gene Dysregulation in Developmental Processes and Pathways with 
Dvl Loss During Differentiation.
A) Heatmap of unsupervised hierarchical clustering of 217 significantly (FDR < 0.05) 

differentially expressed (DE) genes in biological triplicates of WT and Dvl TKO mESCs. B) 
Heatmap of unsupervised hierarchical clustering of 330 DE genes (FDR < 0.05) (173 up-

regulated and 157 down-regulated in Dvl TKO EBs) in WT and Dvl TKO EBs during 

differentiation. C) Gene set enrichment analysis (GSEA) of 330 DE genes identified in WT 
and Dvl TKO EBs. Normalized Enrichment Score (NES) and FDR are shown for the top 

biological processes. The ranked core genes contributing to the NES are shown. D) Gene 

ontology (GO) analysis of the significantly 157 down-regulated genes in Dvl TKO EBs to 

identify the represented biological processes. E-H) Heatmaps of unsupervised hierarchical 

clustering of the relative gene expression of the specific GO terms highlighted in bold were 

further analyzed. The core GSEA genes are highlighted in bold in each of the following 

heatmaps. E-F) To infer canonical and non-canonical Wnt signaling functional activity, the 

gene expression levels of known regulatory and target genes were compared among WT and 

Dvl TKO EBs. G-H) In Dvl TKO EBs, significant down-regulation is observed in several 

genes involved in G) anterior-posterior pattern specification and H) gastrulation induction. 

All heatmap scales represent the Z-score of gene expression.
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Figure 4: Loss of the Dvls Disrupts Mesoderm Differentiation but Endoderm and Ectoderm 
Induction Remain Intact.
A-C) Heatmaps of unsupervised hierarchical clustering of genes involved in germ lineage 

differentiation. A) In Dvl TKO EBs, significant down-regulation is observed in genes 

involved in mesoderm formation. Genes involved in B) endoderm and C) ectoderm 

formation are not exclusively down-regulated in Dvl TKO EBs, but display differential 

expression compared to WT EBs. All heatmap scales represent the Z-score of gene 

expression. D) Immunostaining of Brachyury (green), Otx2 (red), and DAPI (blue) in WT 
and Dvl TKO EBs at day 6. Mesodermal Brachyury-positive cells are undetectable in the 

Dvl TKO EBs. The outer ectodermal ring of cells that is present in Dvl TKO EBs, but not 

WT EBs, is positive for Otx2. Scale bar = 100 μm. E-F) Quantification of cells expressing 

Brachyury and Otx2 protein in WT and Dvl TKO EBs that were differentiated for 5–7 days 

(n=20/group). G-I) Expression levels of germ lineage markers Brachyury (mesoderm), 

GATA4 (endoderm), and Otx2 (ectoderm) were measured by qRT-PCR analysis (n=3). G) 
WT EBs display significant increases in Brachyury expression over time, whereas 

Brachyury levels in Dvl TKO EBs are at baseline throughout the differentiation process, 

indicating a lack of mesoderm differentiation in the absence of the Dvls that is consistent 

with defects observed in vivo. H) GATA4 (endoderm) expression is slightly higher in Dvl 
TKO EBs compared to WT throughout the course of differentiation, indicating that 

endoderm differentiation is not disrupted in the absence of the Dvls. However, these 

differences are not statistically significantly. I) The levels of Otx2 mRNA decline over time 

in WT EBs, but Dvl TKO EBs display a delay in decreased Otx2 expression and remain 

higher over the course of differentiation until day 6. *p < 0.05, **p < 0.01, ***p < 0.001, 

****p < 0.0001.
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Figure 5: Effects of Activating BMP, Canonical Wnt, and Nodal signaling on Germ Lineage 
Differentiation.
A-B) Heatmaps of unsupervised hierarchical clustering of BMP and Nodal signaling genes. 

Many key BMP signaling genes were down-regulated in Dvl TKO EBs, whereas the pattern 

of expression for Nodal associated genes was not exclusively down in the Dvl TKO EBs, 

compared to WT EBs. All heatmap scales represent the Z-score of gene expression. C-D) 
Representative images of Brachyury (green), Otx2 (red), and DAPI (blue) immunostaining 

of WT and Dvl TKO EBs on day 7 of differentiation after activation with BMP (BMP4), 

canonical Wnt (Wnt3a and CHIR-99021) and Nodal (Activin A) drug treatments. Scale bar 

= 100 μm. E-F) Quantification of Brachyury and Otx2-positive cells in WT and Dvl EBs 

differentiated for 5–7 days (n=20/group). Brachyury-positive cells are not detectable in Dvl 
TKO EBs with activating drug treatments. There are no significant differences in Otx2-

positive cells with activating drug treatments. G-H) Quantitative RT-PCR analysis of 

Brachyury (mesoderm) and GATA4 (endoderm) mRNA expression to determine differences 

in differentiation potential in WT and Dvl TKO EBs over a 6-day time course (n=3). G) 
Treatment with BMP4 and CHIR-99021 induced earlier expression of Brachyury in WT EBs 

compared to the untreated control suggesting that Wnt signaling may regulate timing and 

drive mesoderm induction. Wnt activation by Wnt3a and CHIR-99021 did not increase the 

overall levels of Brachyury in WT EBs relative to the untreated controls. Wnt3a, a negative 

control of Wnt activation upstream of the Dvls, did not induce mesoderm differentiation in 
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Dvl TKO EBs. Only direct exposure to CHIR-99021 in Dvl TKO EBs (Day 2) resulted in 

Brachyury expression, but was not maintained over time. BMP4 and Activin A led to more 

robust increases in Brachyury compared to Wnt activation in WT EBs but did not rescue 

expression in Dvl TKO EBs. H) The relative levels of GATA4 is higher in Dvl TKO EBs 

compared to WT EBs in the control and with treatment. The absence of mesoderm 

differentiation may contribute to increased endoderm induction in the Dvl TKO EBs.
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Figure 6: Effects of Inhibiting BMP, Canonical Wnt, and Nodal signaling on Germ Lineage 
Differentiation.
A-B) Representative images of Brachyury (green), Otx2 (red), and DAPI (blue) 

immunostaining of WT and Dvl TKO EBs on day 7 of differentiation after inhibition with 

BMP (LDN-193189), canonical and non-canonical Wnt (IWP L6) and Nodal (SB-431542) 

drug treatments. Scale bar = 100 μm. C-D) Quantification of Brachyury and Otx2-positive 

cells in WT and Dvl EBs differentiated for 5–7 days (n=20/group). Brachyury-positive cells 

are not detectable in Dvl TKO EBs, and there are no significant differences in Otx2-positive 

cells. E-F) Quantitative RT-PCR analysis of Brachyury (mesoderm) and GATA4 (endoderm) 

mRNA expression to determine differences in differentiation potential in WT and Dvl TKO 

EBs over a 6-day time course (n=3). Expression is normalized to the untreated controls in 

Figure 5G (Brachyury) and 5H (GATA4). E) Brachyury expression in WT EBs is attenuated 

with inhibition of BMP, Wnt, and Nodal signaling, similar to Dvl TKO EBs. F) Inhibition of 

BMP and Wnt signaling significantly enhances endoderm differentiation in WT and Dvl 
TKO EBs. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 7: Effects of Developmental Pathway Modulation on Germ Lineage Differentiation.
Activation of BMP (BMP4), canonical Wnt (Wnt3a and CHIR-99021) and Nodal (Activin 

A) pathways in WT EBs enhances mesoderm (Bra) differentiation, while endoderm 

(GATA4) differentiation remains low, and ectoderm (Otx2) differentiation diminishes over 

time. Treatment with these activators in Dvl TKO EBs does not rescue mesoderm induction. 

The relative level of endoderm marker expression is higher in Dvl TKO EBs compared to 

WT EBs treated with Wnt activators, Wnt3a and CHIR, but not BMP4 or Activin A. Dvl 
loss also delays the decrease in ectoderm lineage expression. Inhibition of BMP 

(LDN-198189), canonical and non-canonical Wnt (IWP L6) and Nodal (SB431542) 

pathways in WT EBs results in the suppression of mesoderm differentiation, recapitulating 

the Dvl TKO phenotype. Pathway inhibitor treatment in WT EBs, leads to similar trends of 

differentiation as Dvl TKO EBs. Endoderm differentiation is greatly enhanced in Dvl TKO 

EBs with LDN-193189 and IWP L6 treatment.
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