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Abstract

Background—Mutations in the T-box gene Brachyury have well known effects on invagination 

of the endomesodermal layer during gastrulation, but the gene also plays a role in the 

determination of left/right axis determination that is less well studied. Previous work has 

implicated node morphology in this effect. We use the TWis allele of Brachyury to investigate the 

molecular and morphological effects of the T locus on axis determination in the mouse.

Results—Similar to embryos mutant for the T allele, TWis/TWis embryos have a high incidence of 

ventral and/or reversed heart looping. In addition, heterotaxia between the direction of heart 

looping and the direction of embryo turning is common. Scanning electron microscopy reveals 

defects in node morphology including irregularity, smaller size and a decreased number of cilia, 

although the cilia appear morphologically normal. Molecular analysis shows a loss of perinodal 

expression of genes involved in Nodal signaling, namely Cer2, Gdf1 and Nodal itself. There is 

also loss of Dll1 expression, a key component of the Notch signaling pathway, in the presomitic 

mesoderm.

Conclusions—Morphological abnormalities of the node as well as disruptions of the molecular 

cascade of left/right axis determination characterize TWis/TWis mutants. Decreased Notch signaling 

may account for both the morphological defects and the absence of expression of genes in the 

Nodal signaling pathway.

Keywords

Brachyury; TWis; Left/right asymmetry; embryonic node; Nodal; Gdf1; Dll1; Cer2; Left/right 
asymmetry; embryonic node; Nodal; Gdf1; Dll1; Cer2

INTRODUCTION

Brachyury (T) was the first T-box gene identified in mice (Dobrovolskaïa-Zavadskaïa, 

1927). It is first expressed in the epiblast in the pre-primitive streak stage embryo and, as the 

embryo develops, is expressed later in the primitive streak and embryonic node. Mice 

heterozygous for a T null allele are viable and fertile but have shortened tails; homozygous 

embryos lack posterior somites after the seventh pair, have a convoluted neural tube, no 

distinguishable notochord and die at midgestation (Grüneberg, 1958; Beddington et al., 

1992). T homozygous mutant embryos show heart morphology and looping defects, 

1Corresponding author. Department of Genetics and Development, 701 W 168 Street, New York, NY 10032, vep1@columbia.edu. 

NIH Public Access
Author Manuscript
Dev Dyn. Author manuscript; available in PMC 2015 August 01.

Published in final edited form as:
Dev Dyn. 2014 August ; 243(8): 1046–1053. doi:10.1002/dvdy.24144.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



randomized situs and lack expression of Nodal in the perinodal region and left lateral plate 

mesoderm (LPM), indicating a disruption in the process of left/right axis determination. 

There is also abnormal expression of Lefty1 and Lefty2, two TGFβ-related genes that 

normally show asymmetric expression (King et al., 1998). In addition, homozygous T 

mutants have morphological defects in node formation, leading to the idea that the inductive 

signal for left/right axis formation from the node is abnormal in T/T embryos (Beddington et 

al., 1992; King et al., 1998). However, at the time these studies were done, the nodal flow 

hypothesis for left/right axis determination (Hamada et al., 2002) had not been formulated 

and node cilia, which are essential for setting up the cascade of asymmetric gene expression 

leading to normal situs, were not examined in T/T mutants, nor were a number of molecular 

players now known to be involved in the Nodal signaling pathway leading to left/right axis 

determination.

TWis is a spontaneous mutation of T that comprises an insertion of a transposon-like element 

into the 3’ end of the seventh exon. The insertion creates a mutated splice site that results in 

the loss of wild type T mRNA. TWis produces transcripts that bypass the mutated exon 7 

splice site but contain the T-box binding domain. Mutant proteins are hypothesized to 

compete with wild type T for DNA binding sites thus producing a dominant negative 

phenotype that is similar to the null allele but more extreme (Shedlovsky et al., 1986; 

Herrmann et al., 1990; Goldin and Papaioannou, 2003). TWis heterozygous mice have a more 

severe tail truncation than T heterozygotes; TWis homozygous mutant embryos, like T 

homozygotes lack a notochord, but have no discernable somites (Shedlovsky et al., 1988). In 

TWis homozygous mutants, precursors of the notochord are present, as seen by double 

labeling with T antibody and a probe for Shh. However, precursor cells do not survive and 

no distinguishable notochord is formed. The lack of a notochord leads to neural tube defects 

and TWis/TWis mutants die at midgestation (Shedlovsky et al., 1988; Conlon et al., 1995). 

Heart development and left/right patterning have not been previously reported for TWis/TWis 

mutants. In this study, we investigate the left/right asymmetry phenotype of the TWis/TWis 

mutant to determine the extent of disruption of heart looping and morphology, as well as the 

morphology of the node and nodal cilia. We also investigate the expression of left/right 

specific genes in TWis/TWis mutants as well as components of the Wnt and Notch signaling 

pathways. In agreement with previous studies of the T locus, our results show disruptions in 

left/right axis determination and node morphology and extend previous observations to show 

heterotaxia of heart looping and embryo turning. We also detail the effect on node 

morphology, including node cilia, and document disruptions in additional molecular markers 

of the signaling cascade involved in the determination of left/right asymmetry.

RESULTS

Abnormalities in heart looping and embryo turning in TWis/TWis mutants

The dextral looping of the heart is one of the earliest morphological signs of bilateral 

asymmetry. To investigate left/right asymmetry in TWis homozygous mutants prior to their 

death at embryonic day (E) 11.5, embryos were collected from TWis heterozygous matings 

between E9.5 and E10.5 and the direction of heart looping and embryo turning was 

recorded. TWis/TWis mutant embryos are morphologically distinguishable by the severe axial 
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truncation that results in loss of posterior structures including the allantois. Analysis of heart 

looping in wild type controls, including both +/+ and TWis/+ embryos, showed that 98% of 

embryos (97/99) undergo dextral heart looping, resulting in the normal configuration in 

which the inflow and outflow tract are on the left and right sides of the embryo, respectively, 

and the ventricles are perpendicular to the rostral/caudal axis forming a ‘C’ shaped loop 

when viewed from the ventral aspect (Table 1; Figure 1A, B). Among TWis/TWis embryos, 

6% (2/32) showed normal dextral looping (Table1; Figure 1C, D); 13% (4/32) had dextral/

ventral looped hearts (Table1; Figure 1E, F), in which there is correct placement of the 

inflow and outflow tracts while the right and left ventricles are aligned on the rostral-caudal 

rather than the left-right axis; 9% (3/32) showed hearts that were ventrally looped, in which 

the ventricles as well as the inflow and outflow tracts aligned on the rostral-caudal axis 

(Table 1); 22% (7/32) showed sinestral/ventral looped hearts, where the right-left position of 

the inflow and outflow tract was reversed (Table 1; Figure 1G, H); and 50% (16/32) had 

sinestral looped or ‘J’ shaped hearts (Table 1; Figure 1I, J), indicating a complete reversal of 

heart looping.

Embryo turning is another early indicator of left/right asymmetry. Embryos normally rotate 

in an anticlockwise direction toward their right side to assume a fetal position within the 

membranes with the umbilical vessels, placenta and tail on the right side of the embryo and 

the vitelline vessels entering the yolk sac from the left side. Among embryos that were 

scored for both heart looping and embryo turning, 97% (90/93) of wild type embryos, 

including TWis/+ and +/+ embryos, had undergone normal embryo turning and heart looping 

resulting in normal situs (Table 1; Figure 1K). Among TWis/TWis mutants, 52% (12/23) 

showed reversal of embryo turning in which the placenta was located on the left side of the 

embryo and vitelline vessels were positioned on the right side (Figure 1L). However, the 

direction of embryo turning and heart looping were normal in only 17% (4/23) of TWis/TWis 

mutants whereas 43% (10/23) of mutants showed situs inversus, in which both the direction 

of heart looping and embryo turning were reversed, and 39% (9/23) showed heterotaxia, in 

which direction of heart looping was not concordant with the direction of embryo turning 

(Table 1). TWis/TWis mutants therefore have a high incidence of situs inversus and 

heterotaxia compared with wild type embryos.

Characterization of the node and midline of TWis/TWis mutants at E8.0

To investigate node morphology of TWis/TWis mutants at the time left/right axis 

determination is taking place, we used scanning electron microscopy (SEM) and 

immunofluorescence with confocal microscopy at E8.0. By SEM, wild type embryonic 

nodes (n=6) appear oval shaped at the early head fold (EHF) stage (Figure 2A) and shield 

shaped at the late head fold (LHF) stage (Figure 2B). The nodes have a distinct border 

between the smaller, cobblestone-like node cells and the larger surrounding endoderm cells. 

Monocilia are present on the node cells (Figure 2A, B insets). In TWis/TWis mutant embryos, 

three out of four nodes lacked a well defined border and individual cells of all mutant nodes 

were less regular in size and less distinct, lacking the cobblestone appearance of the nodes of 

wild type embryos. Normal-appearing cilia were present (Figure 2C, D insets) as confirmed 

by confocal microscopy and immunofluorescence with antibodies against acetylated tubulin, 

a marker of node cilia (Figure 2E). However, wild type embryos contained a significantly 
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larger number of nodal cilia on average (138 ± 22) than TWis/TWis mutants (35 ± 8) (Mann 

Whitney U test; p=0.009).

The size of the node was estimated both from direct measurements of the SEM images and 

from the analysis of confocal z-stacks. From the SEM images, the surface area of wild type 

nodes was significantly greater (4001 ± 324 µm2; n=6) than TWis/TWis mutants (1307 ± 440 

µm2; n=4) (Mann Whitney U test; p <0.01) and similarly, from analysis of confocal z-stacks, 

the surface area of wild type embryos (n=6) was significantly greater than TWis/TWis mutants 

(n=5) (Mann Whitney U test; p <0.01, Figure 2E). A bilaminar epithelial node could not be 

identified in two of three EHF stage TWis/TWis mutants, which were scored as zero for 

surface area (Figure 2E).

We also examined the molecular differentiation of the node and its derivative midline 

structures at E8.0. Foxa2 marks the prospective floor plate and the node in wild type 

embryos (Figure 3A, B) (Kinder et al., 2001). Expression was not detected in the floor plate 

in TWis/TWis mutants (n=4), but was present in the node at the distal tip of the embryo at a 

lower expression level than wild type controls (Figure 3C, D). Shh, which is expressed in the 

prechordal plate, notochordal plate and embryonic node in wild type embryos (Figure 3E, F) 

(Jeong and Epstein, 2003) was not observed in three TWis/TWis mutants (Figure 3G, H), 

whereas a fourth showed Shh expression in the prechordal plate, but not in the rest of the 

midline or the node (data not shown). Gsc is expressed in the anterior foregut endoderm, 

prechordal plate and midline neuroectoderm, in both wild type and TWis/TWis mutants (n=4) 

(Chu et al., 2005). However Gsc is expressed at a lower level in TWis/TWis mutants (n=4) 

when compared to wild type controls (Figure 3I–L).

Disruption of the Nodal signaling pathway in TWis/TWis mutants

In wild type embryos, Nodal is first expressed in the perinodal region at E8.0 and by the 3-

somite stage shows higher expression on the left side as well as expression in the left LPM 

(n=12) (Figure 4A, B) (Brennan et al., 2002). Like T/T embryos, TWis/TWis embryos show a 

complete absence of Nodal expression at comparable stages (n=5; Figure 4C, D). Gdf1, a 

Nodal agonist, is expressed bilaterally in the perinodal region at E8.0, as well as bilaterally 

in the LPM in wild type embryos (n=8; Figure 4E, F) (Rankin et al., 2000). In TWis/TWis 

mutant embryos, Gdf1 expression is absent from the perinodal region; however, bilateral 

LPM expression is maintained (n=5; Figure 4G, H). Cer2, a Nodal antagonist, shows 

bilateral perinodal expression in wild type embryos at E8.0 with higher expression on the 

right side (n=8; Figure 4I, J) (Nakamura et al., 2012). In TWis/TWis mutant embryos there 

was no expression of Cer2 (n=6; Figure 4K, L). Pitx2, a downstream target of Nodal, is 

asymmetrically expressed in the left LPM and regulates the direction of heart looping. In 

wild type embryos at E8.5, Pitx2 expression is observed in the left inflow tract of the heart, 

as well as the head folds (n=11; Figure 4M, N) (Lin et al., 1999). In TWis/TWis mutants, Pitx2 

expression is present in the head folds but absent from the inflow tract of the heart (n=5; 

Figure 4O, P).

The canonical Wnt signaling pathway is known to regulate perinodal expression of Nodal by 

regulating Notch signaling (Nakaya et al., 2005) and mutations in Notch signaling 

components lead to a loss of perinodal Nodal expression (Krebs et al., 2003). In wild type 
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embryos at E8.0, Wnt3a is expressed throughout the primitive streak (n=5, Figure 5A–C) 

(Nakaya et al., 2005) and stage-matched TWis/TWis mutants showed no difference compared 

to their wild type littermates (n=5; Figure 5D–F). Dll1 is an essential ligand in the Notch 

pathway and in wild type embryos at E8.0 is expressed in the primitive streak and the 

presomitic mesoderm (n=5; Figure 5G–I) (Krebs et al., 2003). Stage matched TWis/TWis 

mutant embryos show an absence of Dll1 expression in most of the presomitic mesoderm 

while maintaining a low level of bilateral Dll1 expression at the distal tip of the embryo 

(n=5; Figure 5J–L).

Discussion

The involvement of Brachyury in the invagination of the endomesodermal layer has been 

functionally conserved throughout metazoan evolution and its role in the specification and 

differentiation of the notochord is a feature of chordate development (Satoh et al., 2013). 

The mutant phenotypes associated with T mutant alleles in mice are well known to affect 

posterior mesoderm formation resulting in loss of somites, allantois defects and shortened or 

absent tails, as well as affecting the survival of the midline notochord (Showell et al., 2004; 

Naiche et al., 2005; Inman and Downs, 2006). Less is known about another feature of T 

mutants, the disruption of the left/right body axis determination, which has been seen in T 

mutants in mice, as well as in mutants of the orthologous gene ntl in zebrafish and 

misexpression studies of the orthologous gene XBra in Xenopus (King et al., 1998; 

Kitaguchi et al., 2002; Amack and Yost, 2004).

In this study, the TWis allele of Brachyury was used to further explore the nature and extent 

of left/right asymmetry defects in the mouse. Similar to the T allele, the TWis allele has no 

effect on axis determination in heterozygotes, but causes a disruption of asymmetry when 

homozygous. The range of phenotypes in heart morphogenesis of homozygous mutants is 

similar for the two alleles including a high incidence of ventral looping, although in terms of 

situs, there was a higher incidence of reversed heart looping in TWis/TWis mutants (72%) 

compared with T/T mutants (50%) (King et al., 1998). This difference could be due to strain 

differences or to chance in the smaller sample size in the earlier study. The direction of 

embryo turning, or axial rotation, was also found to be reversed in a majority of TWis/TWis 

mutant embryos. However, the direction of turning was not concordant with the direction of 

heart looping in 39% of the embryos. The process of axial rotation is initiated at about the 

same time as heart looping. The two morphogenetic movements proceed simultaneously and 

are tightly correlated in normal embryos. Although it is still a poorly understood process, 

axial rotation is thought to be driven by asymmetric cell proliferation in the lateral body wall 

and gut that is somehow linked to visceral asymmetries (Miller and White, 1998). However, 

there are a number of situations in axis-determination mutants or in experimental 

perturbations of embryos in which the direction of axial rotation and heart looping are not in 

the same direction (Hadjantonakis et al., 2008; Gardner, 2010). Thus, the direction of 

embryo turning is separable from left/right axis determination at the node.

How does this abnormal left/right patterning come about? The initial breaking of bilateral 

symmetry in the mouse is brought about by the unidirectional nodal flow created by the 

beating of motile cilia in the pit of the node (Nonaka et al., 1998). Cilia in the crown cells 
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surrounding the node sense the direction of flow which initiates a cascade of asymmetric 

Ca2+ signaling and gene expression (Yoshiba et al., 2012). The signaling molecule Nodal is 

expressed more strongly in the left perinodal region while its antagonist, Cer2, which 

responds directly to the nodal flow, is stronger on the right. Perinodal expression of the 

Nodal agonist, Gdf1, is essential for the transfer of the perinodal Nodal signal to the left 

LPM where its target, Pitx2, directs asymmetric heart development (Tanaka et al., 2007).

In embryos with mutations in T, there are major morphological abnormalities of the node 

and midline and the abnormally shaped nodes of T/T embryos were thought to be a 

contributing factor to laterality defects (King et al., 1998). We have extended these light 

microscopy observations of the node using confocal and scanning electron microscopy and 

have shown that TWis/TWis mutants have variable node defects ranging from lack of a 

defined, bilaminar node with a distinct boundary to a smaller node with a flatter surface 

appearance. Nodal cilia are present and appear normal but are much less numerous in TWis/

TWis mutant nodes, although the lower number of cilia is unlikely to be a factor because as 

few as two motile cilia have been shown to set up the asymmetric gene expression cascade 

(Shinohara et al., 2012).

At the early primitive streak stage both T and Foxa2 are expressed in precursors of the 

mouse organizer. Foxa2 homozygous mutants fail to form a node or notochord although 

mutants do express T in a limited region of the primitive streak (Beddington et al., 1992; 

Ang and Rossant, 1994; Kinder et al., 2001). Foxa2 also regulates Shh expression in the 

notochord and floor plate (Jeong and Epstein, 2003). In TWis/TWis mutants, Shh expression is 

completely lost, in agreement with previous work (Conlon et al., 1995), and Foxa2 

expression is reduced in the node and absent from the prospective floor plate. This could 

indicate that T regulates Foxa2 or that these tissues are compromised in TWis/TWis mutants 

and there is simply less node and notochord tissue. A previous study suggested that 

precursor cells of the node are unaffected in TWis homozygous mutants as Gsc expression is 

normal at the early streak stage (E6.25–E6.75) (Conlon et al., 1995). Gsc null mutants have 

no node defects (Rivera-Perez et al., 1995), thus it is unlikely to be a target of T and the 

lower levels of Gsc we observed in TWis/TWis mutants at E8.0 most likely reflects the poor 

development of the node.

Our results are in agreement with studies in zebrafish where ntl is expressed in the dorsal 

forerunner cells, the precursors of the ciliated cells of Kupffer’s vesicle, which is a structure 

analogous to the node in the mouse. Knockdown of ntl specifically in the dorsal forerunner 

cells shows that ntl functions cell autonomously in these cells. In the absence of ntl, ciliated 

cells are present but disorganized and Kupffer’s vesicle fails to form, resulting in disruption 

of left/right axis determination (Amack and Yost, 2004; Amack et al., 2007).

T/T embryos have no perinodal expression of Nodal and no expression of either Nodal or 

Lefty2 in the left LPM (King et al., 1998). In this study we have expanded this observation 

to investigate factors both upstream and downstream of perinodal Nodal signaling. We show 

that in addition to the lack of Nodal expression and a resulting loss of Pitx2 expression in the 

left LPM and inflow tract of the heart, TWis/TWis embryos also show disruption in the 

expression of genes that regulate Nodal in the perinodal region, namely Cer2 and Gdf1. 
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Consequently we investigated the expression of genes involved in cell signaling pathways 

known to regulate perinodally-expressed genes. Primitive streak expression of the canonical 

Wnt signaling pathway gene, Wnt3a, was unaffected in TWis homozygous mutants in 

agreement with previous work showing that Wnt3a acts upstream of T (Hofmann et al., 

2004). Expression of Dll1, a ligand of the Notch signaling pathway, was absent from the 

primitive streak, posterior end of the embryo and node in TWis/TWis mutants. This 

observation is consistent with the regulation of Dll1 by canonical Wnt signaling in synergy 

with T and Tbx6 (Hofmann et al., 2004). Dll1 homozygous mutant embryos show no 

expression of Nodal in the perinodal region and have node and notochord defects and 

improper pattering of the floor plate. Node and midline defects in Dll1 mutant embryos are 

hypothesized to be the cause of the observed left/right asymmetry phenotype (Przemeck et 

al., 2003). Furthermore, the perinodal expression of Gdf1 and Cer2 is thought to be under 

control of Notch signaling (Kitajima et al., 2013), potentially providing a unifying cause for 

the morphological and molecular defects observed in TWis/TWis mutants.

King et al. (King et al., 1998) concluded that the most parsimonious explanation for the left/

right axis defects of T/T mutants – bilateral Lefty1 expression in the midline and lack of 

Lefty2 expression in the left LPM – was an abnormal signal emanating from the node, 

possibly caused by abnormal node morphology. Our results support this idea by 

documenting specific morphological defects in the node including a lower number of node 

cilia. Mutation of the homeobox gene Noto, which acts downstream of both T and Foxa2 

(Abdelkhalek et al., 2004), causes a very similar node and cilia phenotype (Beckers et al., 

2007). The transcription factor Zic3, a known target of T that controls left-right asymmetry 

in Xenopus (Kitaguchi et al., 2002), is another candidate target for contributing to TWis/TWis 

node defects as Zic3 has a role in regulating node morphogenesis specifically in the T-

expressing tissue of the primitive streak (Jiang et al., 2013; Sutherland et al., 2013). In 

addition, we further illuminate the phenotype by showing defects in Notch signaling 

upstream of perinodal signaling that could underlie both the morphological and molecular 

defects caused by the T locus mutations.

EXPERIMENTAL PROCEDURES

Mice and embryo collection

The TWis mutant allele (Shedlovsky et al., 1988) was kept on a mixed genetic background 

including A/J, C57,129 and ICR (Taconic). TWis heterozygous mice, which are viable and 

fertile, were mated together to obtain +/+, TWis/+, and TWis/TWis embryos between E8.0–

E9.5 (E0.5 denotes noon of the day a vaginal plug was observed). Embryos were removed 

from the uterus and dissected out of the decidua leaving the yolk sac and placenta intact. 

Placement of the tail, placenta and vitelline vessels was recorded. The yolk sac was then 

removed and heart morphology and the direction of heart looping was recorded. At E8.0–

E8.5, TWis/TWis mutant embryos were identified based on the lack of an allantois. At E9.5–

E10.5 TWis/TWis mutant embryos were identified based on axial truncation defects. TWis/+ 

and +/+ embryos were indistinguishable at this early age and were considered together as 

wild type controls. Wild type embryos were staged by somite number and TWis/TWis mutant 
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embryos were staged by morphology of the head. All procedures were approved by the 

Columbia University Medical Center Institutional Animal Care and Use Committee.

In situ hybridization

Embryos were dissected in phosphate buffered saline (PBS) containing 0.2% bovine serum 

albumin (BSA)(Sigma), fixed overnight in 4% paraformaldehyde (PFA) in PBS at 4°C, 

dehydrated in 100% methanol and stored at −20°C. Whole mount in situ hybridization using 

antisense RNA probes was performed essentially as described previously (Wilkinson, 1992).

Immunofluorescence and confocal microscopy

Embryos were dissected in PBS and fixed in fresh prechilled (4°C) PBS with 0.5% PFA 

overnight at 4°C. Embryos were blocked in cold 1% BSA and 10% goat serum (heat 

inactivated and filtered, 22µM), 0.5 Triton X-100 (Sigma) in PBS from 45 min to overnight 

at 4°C. Primary antibody incubation was carried out in 1% BSA, 2% goat serum and 0.5% 

Triton X-100 in PBS overnight at 4°C. Embryos were incubated in secondary antibody in 

1% BSA, 2% goat serum, and 0.5% Triton X-100 in PBS overnight at 4°C. Embryos were 

mounted in Vectashield (Vector Labs) between two coverslips in a well cut out from several 

layers of electrical tape. ZO1 (Zymed) was used at a concentration of 1:200 and mouse anti-

acetylated tubulin (Invitrogen) was used at a concentration of 1:400.

Embryos were imaged using a Nikon A1RMP two-photon microscope. Optical z sections of 

mounted embryos were taken at 0.5µm intervals using a Nikon 25x/1.1NA water immersion 

objective. Optical sections were compiled into z-stacks for individual embryos. NIS-

elements AR 4.0 software was used for acquisition and analysis of z-stacks. Surface area 

analysis was done using ImageJ (http://rsbweb.nih.gov/ij/). The surface area was estimated 

by first identifying the node as a bilaminar epithelial cell structure and then multiplying the 

xy length of the bilayer in each optical section by the interval step of the z-stack and 

summing all the resulting areas.

Scanning Electron Microscopy

Embryos were dissected in prechilled PBS with 0.05% Triton X-100 (Fisher) and fixed in 

2.5% PFA, 2.5% gluteraldehyde in 0.075M sodium cacodylate buffer, pH 7.4 (Scanning 

Electron Microscopy Sciences) rocking overnight at 4°C. Embryos are placed in 100% 

ethanol for critical point drying using a Denton JCP-1 critical point dryer. Critical point 

dried embryos were placed on a piece of carbon tape and plated with Gold/Palladium in a 

Denton Vacuum 1V Sputter/Dryer. Embryos are then imaged on a Zeiss Field Emission 

Scanning Electron microscope Supra 25.
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Bullet points

• Brachyury mouse mutants have left/right axis defects including heterotaxia and 

heart looping defects

• The node is abnormal and has fewer cilia

• Nodal signaling pathway components are misregulated

• The Notch ligand Dll1 is downregulated in the primitive streak
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Figure 1. Heart looping and embryo turning in wild type and TWis/TWis embryos at E9.5
A–J: Left and frontal views of head and heart of E9.5 embryos showing a wild type embryo 

with dextral looped heart (A, B) and TWis/TWis mutant embryos with a dextral looped heart 

(C, D), dextral/ventral looped heart (E, F), sinestral/ventral looped heart (G, H), and sinestral 

looped heart (I, J). Yellow ‘C’ in panel B indicates dextral heart looping and ‘J’ in panel J 

indicates sinestral heart looping. K, L: Frontal view of embryos within the yolk sac with the 

placenta attached. The wild type embryo (K) has turned toward its right side; vitelline 

vessels exit on the embryo’s left side and the placenta is on the right side. In the TWis/TWis 

mutant embryo (L) the vitelline vessels exit the embryo on the right side and placenta is on 

the left. H, head; IFT, inflow tract; L, left; OFT, outflow tract; PL, placenta; R, right; VV, 

vitelline vessels; YS, yolk sac.
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Figure 2. Node morphology and cilia of wild type and TWis/TWis embryos at E8.0
A–D: Scanning electron microscopy of the embryonic node in wild type (A, B) and TWis/

TWis mutants (C, D) at early head fold (EHF) and late head fold (LHF) stages. The left inset 

of each panel corresponds to a ventral view of the embryo at 300× magnification. The right 

inset of each panel is an image of cilia found in the corresponding node taken at 3300×. 

Yellow box indicates magnified area in the right inset. E. Optical slices of wild type and 

TWis/TWis mutant nodes stained for acetylated tubulin (red) and ZO1 (green). Dotted line 

indicates the xy length of the bilaminar node taken to estimate the surface area of the node. 
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White arrowheads indicate acetylated tubulin positive cilia. Scatter plot shows the 

distribution of node surface areas measured from confocal z stacks. Circles indicate EHF 

stage embryos and triangles are LHF stages. Double asterisks represent a statistically 

significant difference between the two populations (Mann-Whitney U test; p <0.01).
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Figure 3. Molecular differentiation of the node and anterior midline in wild type and TWis/TWis 

embryos at E8.0
A–D: Left lateral and ventral views of wild type (A, B) and TWis/TWis mutant (C, D) 

embryos showing expression of Foxa2 by in situ hybridization. Wild type embryos express 

Foxa2 in the midline and node while TWis/TWis mutant embryos show expression in the node 

but not in the midline. E–H: Left lateral and frontal views of wild type (E, F) and TWis/TWis 

mutant embryos (G, H) showing expression of Shh in the node and midline of wild type 

embryos but no expression in the mutant embryos. I–L: Left lateral and frontal views of 

wild type embryos (I, J) and TWis/TWis mutant embryos (K, L) showing Gsc expression in 

the anterior foregut endoderm and prechordal plate in wild type embryos and a similar 

pattern but lower expression level in mutant embryos. Arrows point to the anterior midline 

and arrowheads point to the node. Compass in A refers to A, C, E, G, I, K; compass in B 

refers to B, D, J, L; compass in F refers to F, H. AL, allantois; HF, headfolds.
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Figure 4. Disruption of Nodal signaling pathway in TWis/TWis embryos at E8.0
A–L: Left lateral and ventral views of wild type and TWis/TWis mutant embryos showing the 

expression of Nodal in the perinodal region and left LPM in wild type embryos (A, B) but 

no expression in TWis/TWis mutants (C, D); Gdf1 bilateral expression in the perinodal region 

and LPM of wild type embryos (E, F) but only bilateral LPM expression in TWis/TWis 

mutants; and Cer2 bilateral perinodal expression in wild type embryos (I, J) but no 

expression in TWis/TWis mutants (K, L). Arrowheads indicate LPM expression and arrows 

indicate perinodal expression. Compass in A refers to A, E, C, G, I, and K; compass in B 

refers to B, F, D, H, J, and L. M–P: Frontal and left lateral views of Pitx2 expression in the 

head folds and left inflow tract in wild type embryos (M, N) but only in the head folds of 
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TWis/TWis mutant embryos (O, P). Pitx2 expression on the right side of TWis/TWis mutant is in 

the yolk sac remnants still attached to the embryo. AL, allantois; H, heart; HF, head folds; 

LIT, left inflow tract.
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Figure 5. Expression of Wnt3a and Dll1 in wild type and TWis/TWis embryos at E8.0
A–F: Left lateral (A, D), posterior (B, E), and ventral (C, F) views of the distal tip of wild 

type and TWis/TWis embryos showing similar Wnt3a expression throughout the entire 

primitive streak (double arrows); arrowheads point to the node in ventral views. G–L: Left 

lateral (G, J), posterior H, K), and ventral (I, L) views of Dll1 expression in the presomitic 

mesoderm and perinodal region in wild type embryos and greatly reduced expression in 
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TWis/TWis mutants, particularly in the presomitic mesoderm. AL, allantois; HF, headfold. 

Arrowheads point to the node in ventral views.
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Table 1

Number of wild type and TWis/TWis mutant embryos with different heart looping and embryo turning 

phenotypes at E9.5–E10.5.

Wild type1 (%) TWis/TWis (%)

Direction of Heart Looping

Dextral 97 (98) 2 (6)

Dextral/ Ventral 0 4 (13)

Ventral 0 3 (9)

Sinestral/Ventral 0 7 (22)

Sinestral 2 (2) 16 (50)

Total 99 32

Direction of Embryo Turning/Situs

Normal/Normal 90 (97) 4 (17)

Reversed/Inversus 1 (1) 10 (43)

Reversed/Heterotaxia 2 (2) 9 (39)

Total 93 23

1
Wildtype includes both +/+ and TWis/+ embryos.
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