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Development of visceral left—right asymmetry in bilateria is based on initial
symmetry breaking followed by subsequent asymmetric molecular patterning.
An important step is the left-sided expression of transcription factor pitx2 which
is mediated by asymmetric expression of the nodal morphogen in the left lateral
plate mesoderm of vertebrates. Processes leading to emergence of the
asymmetric nodal domain differ depending on the mode of symmetry
breaking. In Xenopus laevis and mouse embryos, the leftward fluid flow on
the ventral surface of the left—right organizer leads through intermediate steps
to enhanced activity of the nodal protein on the left side of the organizer and
subsequent asymmetric nodal induction in the lateral plate mesoderm. In the
chick embryo, asymmetric morphogenesis of axial organs leads to paraxial
nodal asymmetry during the late gastrulation stage. Although it was shown that
hedgehog signaling is required for initiation of the nodal expression, the
mechanism of its asymmetry remains to be clarified. In this study, we
established the activation of hedgehog signaling in early chick embryos to
further study its role in the initiation of asymmetric nodal expression. Our data
reveal that hedgehog signaling is sufficient to induce the nodal expression in
competent domains of the chick embryo, while treatment of Xenopus embryos
led to moderate nodal inhibition. We discuss the role of symmetry breaking and
competence in the initiation of asymmetric gene expression.

KEYWORDS

left—right (LR) asymmetry, chick embryo, nodal, hedgehog signaling, heart looping,
Xenopus laevis embryo, embryonic competence

Introduction

The position and shape of visceral organs of adult vertebrates do not display mirror
symmetry deviating from the midline (Matsui and Bessho, 2012; Hamada and Tam,
2020). This left-right asymmetry is a fundamental morphological feature of all studied
vertebrates and of many studied invertebrates (Tisler et al., 2016; Datar et al., 2017; Blum
and Ott, 2018; Lebreton et al., 2018). The asymmetry displays a definite direction typical
for the organism in the vast majority of cases (Afzelius and Stenram, 2006). This “normal”
position, also called situs solitus, is based on asymmetric morphogenetic processes which
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are believed to be preceded by asymmetric gene expression. The
key asymmetric “highway” is created by the left-sided expression
of the TGF-beta ligand nodal and its downstream counterpart
transcription factor pitx2 in the lateral plate mesoderm (Levin
et al,, 1995; Logan et al., 1998; Rebagliati et al., 1998; Campione
et al., 1999; Patel et al., 1999; Blum et al., 2009; Grande and Patel,
2009). The asymmetry of the nodal expression is at the same time
an early marker of successful symmetry breaking which is
achieved in vertebrates by at least two different mechanisms.
The so-called leftward flow is based on the rotation of long
monocilia on the ventral surface of the epithelial progenitors of
the axial mesoderm and operates in most model organisms such
as X. laevis, Danio rerio, and Mus musculus (Essner et al., 2005;
Nonaka et al, 2005; Schweickert et al., 2007), where it is
suggested to be a symmetry breaking mechanism; also, earlier
relevant asymmetries have been reported and suggested to break
the symmetry, particularly in X. laevis (Lobikin et al., 2012;
Vandenberg et al., 2013; Onjiko et al., 2016). The direction of the

10.3389/fcell.2022.957211

leftward flow is detected by sensory monocilia on the so-called
somitic floor plate. This leads through intermediate steps to the
left-sided activation of the paraxial secreted nodal protein, which
in turn is responsible for its subsequent expression in the left
lateral plate mesoderm (Schweickert et al., 2010; Maerker et al.,
2021). However, the first signs of the molecular asymmetry in the
chick and some mammals are seen already in the paraxial
mesoderm in the form of the left-sided nodal domain
(Tsikolia et al., 2012; Schroder et al, 2016), indicating
divergence of symmetry-breaking mechanisms in vertebrates
(Kajikawa et al.,, 2020). This suggestion is supported by both
the absence of morphological structures enabling flow (Manner,
2001; Tsikolia et al., 2012; Stephen et al., 2014; Pieper et al., 2020)
and the evolutionary loss of genes involved in the nodal
activating network operating downstream of the leftward flow
(Szenker-Ravi et al,, 2022). Asymmetric nodal expression in the
chick is preceded by a leftward node rotation at stage 4 (Cui et al.,
2009; Gros et al, 2009), which is followed by asymmetric
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FIGURE 1

Symmetrical expression of markers of left—right patterning between stages 5 and 7 in the chick embryos treated with the activator of hedgehog
signaling SAG. In control embryos, nodal expression is confined to the left-sided domains close to the posterior midline (paraxial domain) and in the
area of the lateral plate mesoderm (A—C), while treated embryos reveal bilateral expression. (E-G) Similarly, pitx2 reveals in treated embryos bilateral
expression in the lateral plate mesoderm. (H), while control embryos reveal left-sided expression in this domain (D). Asterisks indicate the
position of the lateral plate mesoderm, arrows the paraxial domain, and intersecting arrows anatomical axes.
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Sections of embryos treated with SAG. (A—C) 5 um transversal sections of plastic (Technovit) embedded embryos at the levelindicated in A’—C’,
respectively. At stage 5, nodal expression is confined to the paraxial mesoderm and to mesodermal cells located laterally (A,A’). Stage 6 reveals four
distinct domains confined to the paraxial mesoderm and lateral plate mesoderm on both sides (B,B’). Control embryos at stage 6 reveal expression in
the left paraxial and lateral plate mesoderm (C,C’). n, notochord; fp, floor plate; hn, Hensen's node; asterisk, lateral plate mesoderm; arrow,

paraxial mesoderm. Intersecting arrows indicate anatomical axes.

positioning of the axial mesoderm and the floor plate anlagen
(Otto et al., 2014). As a result, the posterior part of the floor plate
lies to the left of the notochord, whereby the expression of the
sonic hedgehog (shh) morphogen in the floor plate is located
directly above the prospective nodal domain in the left paraxial
mesoderm, hence indicating a possible functional
relationship. Sonic hedgehog is an early marker expressed in
the organizer region and emerged in midline structures in
various model organisms (Echelard et al., 1993; Roelink et al.,
1994; Kremnyov et al, 2018) and is involved as a secreted
morphogen in molecular patterning at different sites including
neural tube and somitogenesis (Johnson et al., 1994; Ribes et al.,
20105 Cohen et al., 2015). The activity of hedgehog signaling is
required for initiation of the paraxial nodal expression in the
chick as shown both by local anti-hedgehog antibody application
(Pagan-Westphal and Tabin, 1998) and by global inhibition of
hedgehog signaling by cyclopamine (Otto et al., 2014). Moreover,
the nodal domain overlaps with the hedgehog receptor patchedl
expression, which serves as an indirect reporter of hedgehog
activity. Local implantation of shh expressing cells or of beads
soaked with shh protein right to the node activates expression of

nodal or its downstream effector pitx2 in the lateral plate
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mesoderm (LPM) at stage 9, indicating that shh is sufficient
for nodal induction (Levin et al., 1995; Logan et al., 1998). However,
the effect of ectopic shh on early paraxial nodal expression has not
been studied yet. Moreover, hedgehog signaling undergoes
complex regulation, and the presence of shh does not
necessarily lead to an activated pathway. For example, the
absence of shh and its downstream effector smoothened cause
opposite effects in the mouse embryo (Tsukui et al., 1999; Tsiairis
and McMahon, 2009), and phenotypic effects of knocking out of
different hedgehog components on neural tube development are
ambiguous (Motoyama et al., 2003; Tulianella et al., 2018). Hence,
we aimed to test the effect of downstream signaling activation on
the early left-right patterning and asymmetry by non-local
activation of hedgehog signaling downstream of shh using the
smoothened activator SAG. Furthermore, the global activator
treatment enables addressing the competence of tissue. Our
clear-cut results in the chick inspired us to examine the
influence of hedgehog activation on nodall expression in the
lateral plate mesoderm in X. laevis since the functional studies
of hedgehog signaling indicated its non-conserved role in the
left-right patterning (Tsiairis and McMahon, 2009; Zhu et al,
2020).
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FIGURE 3

Inhibition of nodall expression in the lateral plate mesoderm of X. laevis embryos after treatment with an activator of hedgehog signaling. (A)
Treatment with SAG leads to inhibition of nodall expression as compared to control embryos. (B) Example of left-sided nodall expression; (C)
example of suppressed nodall expression. Intersecting arrows indicate anatomical axes. Numbers at the base of columns represent a number of
analyzed embryos. *p < 0.05 (0.023) as compared to control and two-proportions z-test.
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Materials and methods
Embryos

Fertilized chick eggs were incubated at 38°C under humidified
conditions until reaching the desired stage (Hamburger and
Hamilton, 1951; Pieper et al, 2020). For in vitro culture,
embryos were processed as previously described (Sydow et al,
2017). After cultivation, blastoderms were prefixed in a fixative,
excised, transferred into a petri dish, rinsed in Locke’s solution, and
fixed in 4% PFA in phosphate-buffered saline (PBS) for 1 h.

X. laevis embryos were obtained by hormone-induced egg laying
and in vitro fertilization using standard methods (Kay and Peng,
1992), de-jellied in 2% L-cysteine solution, pH 8, and then cultured in
0.1X MMR at 14-18°C. The embryos were staged according to the
tables of normal development (Nieuwkoop and Faber, 1994). Before
fixation in 4% PFA in phosphate-buffered saline (PBS), the embryos
were liberated from the vitelline membrane with forceps. For further
details, see Supporting Methods.

SAG treatment

In vivo activation of hedgehog signaling was performed with
smoothened activator SAG (Bragina et al., 2010; Lewis and Krieg,
2014; Meinhardt et al.,, 2014; Todd and Fischer, 2015). SAG (Sigma-
Aldrich, Taufkirchen) was dissolved in Millipore water to 10 mM
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(stock solution). The stock solution was diluted in PBS (for chicken)
or 0.1X MMR (frog) to a final concentration of 250 and 100 uM,
respectively, which were determined in pretests with different
readouts. There, we also found that SAG retains its activity for
6 months if stored at —20°C. Control embryos were treated with 1%
(Xenopus) or 2.5% (for chicken) Millipore water diluted in 0.1X
MMR or PBS, respectively. Treatment of chick embryo was
performed by application of 10 pl of the corresponding solution
twice within 2 h to the ventral side of the embryos cultivated in a
modified new culture as previously reported (Otto et al., 2014;
Sydow et al., 2017).

In situ hybridization and cloning

In situ hybridization was performed according to previously
published protocols (Harland, 1991; Weisheit et al, 2002).
Digoxigenin-labeled mRNA probes for nodal and pitx2 were
produced using the previously published plasmid DNAs (Levin
et al, 1995 Logan et al, 1998). For further details, see
Supplementary Methods.

Results

Stage 4 chick embryos were treated with control solution or
smoothened agonist SAG and cultivated until stages 5-7. The
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FIGURE 4
Abnormal cardiac development after treatment with an activator of hedgehog signaling SAG. (A—C): examples of right-sided (A), left-sided

looping (B), and bilateral heart development (C) after SAG treatment. (D) Distribution of cardiac phenotypes in control and treated embryos. Arrows
indicate heart tubes. Intersecting arrows indicate anatomical axes.

control embryos show asymmetric nodal expression which at
stage 5 reveals a strong narrow domain left to the notochord
located in the paraxial mesoderm (Figure 1A), where advanced
stage 6 expression is confined to both the left paraxial mesoderm
and the lateral plate mesoderm (LPM), while these domains
come close at the posterior level (Figures 1B, 2C, 2C"). From stage
7, the domain in the LPM extends and elongates especially
toward the anterior pole (Figure 1C). The asymmetry of nodal
expression is seen at all stages and is particularly strong in the
LPM domain where it was never seen on the right side.

Treated embryos develop without delay and form the
notochord, head fold, and somites, while the overall phenotype
was slightly widened. In situ hybridization reveals a strong and
bilateral nodal expression. From advanced stage 5, the paraxial
expression extends in the posterior and the lateral direction (Figures
1E, 2A"), forming a V-shaped domain. Sections reveal expression in
emerging paraxial and lateral plate mesoderm (Figure 2A). At stages
6 and 7, nodal expression is confined to distinct elongated paraxial
domains lateral to the notochord and to broad bilateral domains in
the LPM (Figures 1E,G, 2B',B), particularly at stage 6. Generally, in
situ hybridization revealed strong symmetrization of the nodal
domain (Supplementary Table S1A). We also analyzed the
expression of nodal downstream effector pitx2. In control
embryos, pitx2 expression at stages 7 and 8 reveals expression in
extraembryonic tissue as well as in the left lateral plate mesoderm
(Figure 1D). In treated embryos (Supplementary Table S1B),
expression is confined particularly to the right lateral plate
mesoderm (Figure 1H).

Furthermore, we treated stage 9 X. laevis embryos with SAG
and analyzed nodall expression in the LPM at stage 24.
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Surprisingly,  expression  analysis indicates  significant

inhibition of nodall in the lateral plate mesoderm as
compared to the control embryos (Figure 3).

Asymmetrical cardiac looping is the first morphological sign
of left-right asymmetry shared by all known model vertebrates
(Manner, 2009; Lombardo et al., 2019). To study the influence of
SAG on early morphological asymmetry, we treated chick
embryos at stage 4 and let the embryos develop until stages
11-12. Treatment led to both randomizations of the cardiac
looping and absent looping with a widened heart and severe
deformities of the cardiac formation related to abnormal
of the which  included

duplications of the heart tube (Figure 4).

development intestinal ~ portal,

Discussion

The activity of sonic hedgehog has been proposed to be upstream
of the asymmetric nodal expression in the chick as supported both by
the spatial relationship between shh and nodal domains as well as by
functional studies (cf. Supplementary Table S2) that indicate the
involvement of shh or hedgehog signaling for nodal activation in the
paraxial and LPM-domains (Levin et al., 1995; Pagan-Westphal and
Tabin, 1998; Otto et al,, 2014). The aim of our study was to test the
spatio-temporal effects of global activation of hedgehog signaling in
the framework of the early left-right patterning. Treatment with
smoothened agonist SAG which activates hedgehog signaling caused
additional nodal expression on the right side, hence mirroring the
left-sided domain, elevating expression intensity and leading to
decoupling of initiation of nodal in LPM from the beginning of
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somitogenesis. A medial sector of widened nodal expression at stage
5 after SAG treatment overlaps with the expression of the somitic
mesoderm marker paraxis at stage 5 (not shown), indicating a nodal
induction in the prospective somitic mesoderm. Right-sided nodal
expression correlates with the right-sided expression of pitx2 in LPM.
Furthermore, the SAG treatment interferes with cardiac
development. While inhibition and local activation of hedgehog
signaling lead to randomization of cardiac looping (Levin et al,
1997; Logan et al., 1998; Otto et al., 2014), the global activation leads
to both randomization and severe deformations associated with
disturbed closure of the intestinal portal. The latter may be
explained by the involvement of shh, which is expressed in the
endoderm (Narita et al., 1998), in the morphogenesis of the intestinal
portal.

Our results argue in favor of a crucial role of competence in the
nodal induction during chick left-right patterning: despite the
treatment of the whole embryos with SAG, the ectopic nodal
expression was confined to the paraxial and the lateral plate
mesoderm. As suggested previously, the left paraxial nodal
domain is most likely induced by shh from the floor plate above
(Supplementary Figure S1). This induction, however, is specifically
constrained: particularly, SAG-treated embryos reveal at the right
side a competent domain mirroring the left domain. The concept of
embryonic competence describes the ability or predisposition of the
embryonic tissue to produce a specific response to a certain signal
(Waddington, 1932; Waddington, 1936; Gurdon, 1987). The
theoretical significance of competence lies in the fact that it
points to the not yet discovered layer of interactions (Tsikolia,
2006). It may not only rely on the pattern of cellular receptivity
on different levels but sensu lato also on specific transport and
degradation of signaling molecules, enabling a local response to the
global cue. The mechanism of predisposition of a certain
mesodermal domain at the right side to respond to hedgehog
activity with the nodal expression remains to be clarified:
reported expression of the hedgehog pathway components gli or
smoothened only partially overlaps with the prospective nodal
expression domain. Further studies should clarify the basis of
competence as well as the question of whether the lateral plate
mesoderm in the chick is induced solely by a signal from the paraxial
domain or possesses the ability to express nodal autonomously.

SAG has been used as a hedgehog activator in different
models (Bragina et al., 2010; Meinhardt et al., 2014; Todd and
Fischer, 2015) and was suggested to be highly specific (Lewis and
Krieg, 2014). Although the question concerning the specificity of
reported SAG effect on nodal expression cannot be definitively
the
suppression that led to efficient nodal inhibition and of

resolved here, complementary effects of hedgehog
proposed hedgehog activation by SAG which induced nodal,
strongly support the specific involvement of hedgehog activation
in the reported effect. Furthermore, the toxicity of SAG treatment
until the organogenesis stages was low.

Activation of hedgehog signaling in our study led to different

effects in chick and Xenopus embryos. This functional divergence is
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in line with previously published data from other organisms. In the
sea urchin, the inhibition of hedgehog signaling by cyclopamine was
shown to suppress both asymmetric nodal and pitx2 expression
(Warner et al, 2016). In amphioxus, the downregulation of
hedgehog signaling causes bilateral nodal expression (Hu et al,
2017), while the upregulation leads to bilateral expression of nodal
antagonist DAND5 (Zhu et al., 2020). Interestingly, the asymmetric
hedgehog activity in amphioxus was proposed to be caused by cilia-
driven transport of hedgehog protein. Mouse embryos lacking
smoothened or both shh and its relative Indian hedgehog (Ihh)
do not express nodal in the lateral plate mesoderm (T'siairis and
McMahon, 2009). However, other studies reported bilateral
symmetrical nodal expression in mouse embryos lacking shh
alone (Tsukui et al, 1999), indicating a possible feedback loop
between shh and Ihh in the mouse. Moreover, mouse embryos
lacking both smoothened and hedgehog repressor Gli3 display a
correct left-sided pitx2 expression, indicating a functional
redundancy (Tsiairis and McMahon, 2009). Hence, detailed
investigation of the exact mode of hedgehog activity in
organisms with the leftward flow like Xenopus, mouse, or D.
rerio can uncover unexpected levels of regulation.

To sum up, combined empirical evidence (cf. Supplementary
Table S2) reveals that in the chick embryos, the hedgehog
signaling is both necessary (Pagan-Westphal and Tabin, 1998;
Otto et al., 2014) and sufficient (Levin et al., 1995 and this work)
for initiation of nodal expression at stage 5 in the competent
paraxial domain. We suggest that this interaction is local and the
asymmetry of nodal is achieved by the left-sided position of the
posterior floor plate (Supplementary Figure S1).

Furthermore, our data support the evolutionary divergence
of shh-nodal interaction (Supplementary Figure S2) and provide
an efficient model of stable symmetrization of nodal gene
expression in the chick embryo.
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