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Abstract 

During early embryogenesis, pattern formation processes along the head-trunk 

(anteroposterior, AP), belly-back (dorsoventral, DV) and left-right (LR) body axis 

generate the fundamental body plan of the bilateria. The formation of the LR axis is 

exceptional because externally our body is bilateral symmetric whereas most inner 

organs are shaped and positioned asymmetrically. The three body axes are basically 

specified during gastrulation and neurulation by a set of developmental control genes. 

The aim of this work was to analyze the function of the highly conserved genes, 

goosecoid (gsc), myosin1d (myo1d) und dmrt2 during body axis determination in 

Xenopus.  

The first chapter of this work describes the activity of the homeobox transcription factor 

Goosecoid during AP- and DV-axis formation. Gsc acts as an autoregulatory 

transcriptional repressor and importantly is expressed in the Spemann Organizer (SO) 

of all vertebrate embryos. The SO represents the main dorsal signaling center for 

primary axis induction, regulates embryonic patterning and cell movements. It is further 

required for AP i.e. head and trunk development. Transferring of SO or gsc 

misexpression to ventral half of embryos resultes in secondary axis formation i.e. 

siamnese twins.  

However, SO function of Gsc was enigmatic, as gsc mutants showed no defects on 

early developmental processes what challenged Gsc function in the SO. In this 

chapter, gsc was characterized by conducting gain of function experiments in the 

embryonic midline of Xenopus embryos. Gsc was able to repress planar cell polarity 

(PCP) in a cell- and non-cell autonomous fashion leading to neural tube closure 

defects. In the early gastrulae, Gsc separates the head from the trunk mesoderm by 

repressing the mesodermal t-box gene transcription factor T (Tbxt). This inhibition 

allows the migration of the head mesodermal cells whereas the trunk notochord 

elongates by mediolateral intercalation. Gsc activity on PCP signaling seems to be 

specific for vertebrates only and correlates with the presence of two novel domains. 

The determination of the LR body axis is discussed in the second chapter of this work. 

At the so called left-right organizer (LRO) a cilia-mediated leftward-fluid flow initiates 

the symmetry breaking event in neurulae embryos. Lateral sensory cells (sLRO) of the 

LRO perceive flow on the left side and translate it into the left asymmetric induction of 
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the highly conserved Nodal cascade.  If and how the unconventional, actin-associated 

motor protein Myosin1d (Myo1d) as well as the transcription factor Doublesex and 

mab-3 related 2 (Dmrt2) intervene in LR specification was analyzed in this chapter. 

In evolutionary terms the study of myo1d was of high interest because in Drospohila, 

which lacks a ciliary flow mechanism, the homologous gene, myo31df, controls LR axis 

determination. Manipulations of myo1d in Xenopus demonstrated that in vertebrates 

Myo1d is involved in the cilia-based symmetry breakage event. By interacting with the 

PCP signaling pathway, Myo1d ensures leftward-fluid flow by regulating ciliary 

outgrowth and polarization. In Drosophila and Xenopus Myo1d interacts with PCP 

signaling and seems to link an ancestral symmetry breaking mechanism of the fly to 

the newly evolved leftward-fluid flow in vertebrates.  

Based on studies in zebrafish, which identified Dmrt2 as another factor involved in LR 

development and somitogenesis, we started the analysis of dmrt2 in Xenopus. 

Somitogenesis and laterality determination which on first sight are functionally distinct 

processes were analyzed in the context of dmrt2 function. In Xenopus, flow-sensing 

cells are affiliated to the somitic cell lineage and therefor paraxial mesoderm 

specification is crucial for setting up a functional LRO. Dmrt2 specifies the paraxial 

mesoderm and especially the sLRO by inducing the myogenic transcription factor myf5 

in early gastrulae. This demonstrated for the first time experimentally how 

somitogenesis and laterality determination are intertwined and describes the genesis 

of the Xenopus sLRO cells in more detail.  



Zusammenfassung 

4 
 

Zusammenfassung 

Während der frühen Embryogenese generieren embryonale Musterbildungsprozesse 

entlang der Kopf-Rumpf- (anteroposterior, AP), Rücken-Bauch- (dorsoventral, DV) und 

links-rechts (LR) Körperachse den grundlegenden Bauplan der Bilateria. Hierbei ist vor 

allem die Ausbildung der LR-Achse auffallend: sie besticht durch eine äußerlich 

sichtbare Symmetrie entlang der AP-Achse, wohingegen die asymmetrische 

Formgebung und Position der inneren Organe in der sekundären Leibeshöhle 

äußerlich nicht zu erkennen ist. Die Ausbildung der drei Körperachsen wird durch die 

Aktivität zahlreicher Gene während der Gastrulation und Neurulation reguliert. Ziel 

dieser Arbeit war es, die Rolle der hoch konservierten Gene goosecoid (gsc), myosin1d 

(myo1d) und doublesex-and mab3 related transcription factor 2 (dmrt2) während der 

Ausbildung der Körperachsen in Xenopus laevis näher zu untersuchen.  

Das erste Kapitel dieser Arbeit befasst sich mit der frühen Funktion des Homöobox-

Transkriptionsfaktors Goosecoid während der Ausbildung der AP- und DV-Achse. Gsc 

wirkt als autoregulatorischer transkriptioneller Repressor, wird im Spemann-

Organisator, dem Signalzentrum der primären Achseninduktion exprimiert und steuert 

die embryonale Musterbildung. Es reprimiert ventrale Signalwege im dorsalen 

Gewebe, separiert das Kopf- vom Chordamesoderm und reguliert Zellbewegungen im 

Zuge der Gastrulation und Neurulation.  

Die frühe Funktion von gsc im Spemann-Organisator war bislang enigmatisch, da der 

Funktionsverlust von gsc die frühe embryonale Entwicklung nicht beeinträchtigte. 

Durch gezielte Überexpression von gsc in der dorsalen Mittellinie von Xenopus 

Embryonen wurde hier die frühe Funktion von gsc näher charakterisiert. Gsc agierte 

sowohl zell- als auch nicht-zell-autonom als Repressor planarer Zellpolarität (planar 

cell polarity, PCP). In der frühen Gastrula separierte Gsc durch die Repression des 

mesodermalen T-box Gen Transkriptionsfaktors T (Tbxt) das Kopf- vom 

Chordamesoderm. Dies ermöglichte das migrieren des Kopfmesoderms und 

beschränkte die durch Tbxt-induzierte PCP-vermittelte mediolaterale Interkalation auf 

das elongierende Notochord des Embryos. Diese Funktion von Gsc scheint sich im 

Zuge der Evolution durch die Etablierung zweier neuer, für Vertebraten spezifische 

Domänen etabliert zu haben. 
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Das zweite Kapitel befasst sich mit der Determinierung der LR-Körperachse in 

Xenopus, die als letzte der drei Körperachsen festgelegt wird. Diese wird durch einen 

Cilien-basierten nach links-gerichteten Flüssigkeitsstrom innerhalb des sog. links-

rechts Organisators (LRO) in der Neurula initiiert. Die lateralen, linken sensorischen 

Zellen des LROs (sLRO) perzipieren den Flüssigkeitsstrom und translatieren dieses 

Signal in die Induktion der hoch konservierten Nodal Kaskade auf der linken Seite. 

Welche Funktion das unkonventionelle, Aktin-assoziierte Motorprotein Myo1d und der 

Transkriptionsfaktor Dmrt2 bei diesem Prozess einnimmt, wurde im Rahmen dieser 

Arbeit untersucht.  

Die Analyse von myo1d war hierbei evolutionär von großer Bedeutung, da das 

homologe Gene myo31df in Drosophila die Entstehung der LR-Achse, unabhängig 

eines links-gerichteten Flüssigkeitsstrom und einer asymmetrischen Gen-Kaskade 

reguliert. Die Manipulation von myo1d in Xenopus demonstrierte, dass die Funktion 

von Myo1d konserviert ist und auch in Vertebraten für den Symmetriebruch benötigt 

wird. Durch Interaktion mit dem PCP Signalweg trägt Myo1d über die Polarisierung 

und Ausbildung der Cilien zum links-gerichteten Flüssigkeitsstrom und somit zur 

Lateralitätsdeterminierung in Xenopus bei. Durch den Einfluss von Myo1d auf die PCP 

in Drosophila und Xenopus stellt Myo1d eine direkte Verbindung zwischen dem 

ancestralen Mechanismus und des in Vertebraten neu-evolvierten Flüssigkeitsstrom 

zum Bruch der bilateralen Symmetrie dar. 

Studien aus dem Zebrabärbling identifizierten Dmrt2 als einen weiteren Faktor, der 

sowohl für die Somitogenese als auch für die Ausbildung der LR-Körperachse benötigt 

wird. Ein Zusammenhang zwischen diesen Prozessen ist ein lang bekanntes 

Phänomen, dessen Ursache bisher nicht geklärt wurde. Aufgrund der Integration der 

sLRO Zellen in das paraxiale presomitische Mesoderm, dem Vorläufergewebe der 

Somiten, stellte sich die Frage, ob dies eine Verbindung zwischen diesen zwei 

Prozessen erklären könnte. Die Untersuchung von Xenopus Embryonen nach 

Manipulation von dmrt2 zeigte, dass die Spezifizierung des paraxialen Mesoderms in 

der frühen Gastrula für die Ausbildung der sLRO Zellen ausschlaggebend ist. Über die 

Induktion des myogenen Transkriptionsfaktors myf5 reguliert Dmrt2 die Spezifizierung 

des paraxialen Mesoderms und ins Besondere der sLRO Zellen in Xenopus. Dies 

demonstrierte zum ersten Mal experimentell eine direkte Verbindung zwischen der 

frühen Somitogenese und der Lateralitätsdeterminierung und liefert eine erste 

Erklärung wie diese Prozesse zusammenhängen.  
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Introduction - Body axes specification in Xenopus laevis 

Anteroposterior and dorsoventral axes development 

The fundamental body plan of the bilateria is attributed to the generation of the 

dorsoventral (back-belly) and anteroposterior (head-trunk) axis. Bilateria are defined 

by an external bilateral symmetry as the left and right side represent the mirror image 

of each other reflected from the midline along the anteroposterior axis. To generate 

this body plan the DV- and AP-axis has to be specified and established during early 

embryonic development. 

 

Specification of the dorsoventral and anteroposterior axis 

Already the unfertilized egg reveals asymmetries which divide the oocyte into an 

animal and a vegetal half. The animal part of this cell consists of highly condensed 

pigments that protect the embryo from UV radiation and cells derived thereof will later 

make up the prospective animal. In contrast, the vegetal hemisphere serves as a 

nutrition resource for the developing non-feeding embryo (Gilbert, 2010).  

The dorsoventral (DV) axis, dividing the organism into belly and trunk, is specified 

during fertilization of the oocyte. Sperm binding onto the receptor in the animal half 

leads to the release of the nucleus and the centriole, which in turn initiates cytoskeletal 

rearrangement in the zygote. This induces a shift of maternal components from the 

vegetal region to the future dorsal side. The point of sperm entry hallmarks the DV axis 

by determining the ventral side with respect to the future dorsal side (Gilbert, 2010).  

During fertilization the centriole provided by the sperm organizes the microtubules in a 

parallel manner in the vegetal part. This leads to separation of the cortical cytoplasm 

from the inner cytoplasm. In turn, cortical rotation is initiated, meaning a rotation about 

30 degrees of the cortical cytoplasm. The parallel arrangement of the microtubules 

organizes the growing-ends in the animal dorsal region. The microtubule skeleton is 

thought to translocate at least two vegetally deposited maternal components of the 

canonical Wnt pathway, Dishevelled (Dvl) and the GSK3-binding protein (GBP). These 

components are transported to the dorsal side where they activate the canonical 

Wnt/β-catenin pathway by inactivating the Glycogen-synthase-kinase 3 (GSK3). In an 

active state GSK3 phosphorylates the transcription factor β-catenin (Ctnnb1) and 
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thereby marks it for degradation. Due to loss of GSK3 activity Ctnnb1 is able to 

accumulate and to initiate gene transcription at the midblastula when the genome 

becomes activated by demethylation. This leads to the induction of the Spemann 

Organizer (SO), the primary body axis signaling center (Gilbert, 2010). 

 

Induction of the Spemann Organizer 

Fundamental experiments on the SO go back to Hans Spemann and Hilde Mangold at 

the beginning of the 20th century. Constriction experiments on salamanders at early 

cleavage stages gave rise to two identical siblings. Performing the same constriction 

experiments but perpendicular to the plane of the first cleavage led to a normal larvae 

and a so called “Bauchstück” - belly piece. These experiments demonstrated that 

nuclei of early blastomeres are identical and that there must be an early asymmetric 

distributed cytoplasmic component that regulates axis induction. Spemann speculated 

that the so called grey crescent might be crucial for this process. The grey crescent 

arises during fertilization by cytoplasmic movements of the pigments at the future 

dorsal side of the early newt embryo. After the first cleaveage both blastomers contain 

a part of the grey crescrent. He speculated that this region might be decisive for 

initiating gastrulation and that cell change potency occurs during gastrulation. Ongoing 

transplanting experiments confirmed this hypothesis. Transplanting prospective 

epidermal cells of early gastrulae into the future neural tissue region of an early host 

gastrulae led the transplanted cells to become neural tissue and vice versa. The same 

experiment performed on late gastrulae stage embryos led to a complete different 

result as the transplanted cells exhibited an autonomous development as their 

prospective fate was already determined (Gilbert, 2010). After these insights Hans 

Spemann and Hilde Mangold performed their most spectacular experiment in 1924 for 

which they received the Nobel Prize in 1935. Transplanting experiments of the dorsal 

lip, the region whereas gastrulation starts, resulted in the formation of a secondary 

body axis e.g. a siamese twin when the dorsal lip was transplanted into the ventral half 

of a recipient embryo. These experiments highlighted that the cells of the dorsal lip are 

the organizing center for primary axis induction as those cells are able to induce a cell 

fate change in ventral tissue (Spemann & Mangold, 1924, Gilbert, 2010).  

Since Spemann our knowledge on the molecular basis of SO induction has 

substantially increased. The induction of the SO depends at least on two important 
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processes. Cortical rotation after fertilization activates the Wnt signaling pathway by 

stabilizing Ctnnb1 in dorsal cells.  After midblastula transition, dorsally accumulated 

Ctnnb1 interacts with the transcriptional repressor ubiquitous transcription factor Tcf3, 

transforming it to a transcriptional activator. This leads to the induction of the 

homeobox transcription factors siamois and twin in dorsal cells. In cooperation with the 

co-factor Smad2/4, Siamois and Twin activates the expression of the organizer genes 

goosecoid (gsc) and xlim1. For this cooperation to occur, Smad2/4 has to be activated 

in dorsal cells dependent on the transforming-growth factor-β (Tgf-β) signaling 

pathway. This activation step is provided by the maternal expression of the paracrine 

Tgf-β factors Gdf1 and Vegt in vegetal cells. Vegt induces the expression of Tgf-β 

proteins like Activin, Gdf3 and Nodal in endodermal cells. Through synergistic 

interaction of Vegt and Ctnnb1 a Nodal gradient is established along the DV axis. This 

results in a low ventral Nodal concentration that leads to ventral mesoderm and a high 

dorsal Nodal concentration that induces a dorsal mesodermal cell fate. In the most 

dorsal cells the Nodal ligands activate Smad2/4 by binding to its receptor. This leads 

to the cooperation of Twin, Siamois and Smad2/3 and to the induction of the SO by 

activating the expression of gsc and xlim1. Contrarily, Ctnnb1 is not active ventrally as 

it becomes degraded, leading to Tcf3 acting as transcriptional repressor (Gilbert, 

2010). 

 

Function of the Spemann Organizer 

The function of the SO is to generate the dorsal structures of the embryo by regulating 

the activity of the Wnt and Bmp signaling pathway in a tightly controlled manner. It 

generates a DV Bmp gradient and an anteroposterior (AP) Wnt gradient by the 

secretion of antagonizing factors. Shortly after specification of the SO, Twin, Siamois 

and Smad2/4 induce the expression of the three Bmp-inhibitors chordin, noggin and 

follistatin. These antagonists become expressed in the dorsal lip and later on in the 

notochord. By interacting with Bmp2 and Bmp4, these secreted proteins block Bmp 

signaling by preventing ligand-receptor initiation. This step is important for the 

specification of the neuroectodermal tissue, since Bmp signaling induces epidermal 

cell fate. In the most anterior region that gives rise to the head and brain structures, 

the prechordal plate and the pharyngeal mesendoderm represent the leading edge of 

the dorsal lip. The pharyngeal mesendoderm expresses the Bmp/Wnt/Nodal 
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antagonists cerberus (Cer), dickkopf (Dkk), frezbee (Frzb) and insulin-like growth 

factors (IGFs). These proteins inhibit Wnt- and Bmp signaling in the most anterior 

region and enable head formation (Gilbert, 2010). 

Summarizing, the tightly controlled regulation of Wnt- and Bmp signaling by the SO 

specifies anterior head structures by blocking both signals. In the posterior region it 

allows the induction of trunk structures by preventing Bmp but allowing Wnt signaling.  

 

The process of gastrulation  

Gastrulation is defined by a controlled cell-cell-movement of the three germ-layers into 

the correct position for further differentiation and development. During this process the 

mesoderm invaginates into the embryo until it lays down between the inner endodermal 

and the outer ectodermal cells. The process of gastrulation starts within 10 hours after 

fertilization with the SO forming at the dorsal lip (Gilbert 2010).  

Shortly before gastrulation starts the pharyngeal endoderm implements a vegetal 

rotation causing a relocation to the blastocoel roof plate directly above the mesodermal 

cells. Subsequently the dorsal lip forms where the cells move into the embryo. To 

ensure this, the cells at the lip have to change their shape dramatically. They form 

polarized endodermal bottleneck cells that shift the main part of their cell into the 

embryo by constriction. Thereby they remain in contact with the superficial layer in a 

narrowed region. This cell change is crucial for forming the blastoporus and initiating 

gastrulation. By contacting the extracellular matrix, the bottleneck cells migrate first 

along the blastrocoel roof plate and bring the pharyngeal endoderm towards the 

anterior region of the embryo. The enclosing mesoderm of the involuting marginal zone 

consisting of head and chorda mesoderm is passively pulled by the migrating cells. 

Before the involution of the marginal zone, the mesoderm changes its arrangement. 

Radial intercalation of the mesodermal cells forms a small layer of elongated cells 

along the AP axis. This process is called convergent extension (CE). At this time the 

bottleneck cells are no longer the driving force of gastrulation. By now the converging 

mesoderm is sliding the pharyngeal endoderm towards the anterior region of the 

embryo. Simultaneously the outer ectodermal cells migrate around the embryo by 

epiboly. In the course of this transformation the ectodermal cells raise their proliferation 

rate and deep cells integrate into each other to form a two-layered cell organization. 

Furthermore, epiboly supports the invagination and CE of the involuting mesodermal 
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zone as it provides the formation of fibrils by fibronectin that forms the extracellular 

matrix (Gilbert, 2010).  

 

Neurulation forms the central nervous system 

Enclosed to gastrulation the neurulation begins. Neurulation is defined by the formation 

and closure of the neural tube to form the central nervous system. After neural 

induction by the SO, the neural plates arise and thicken in a bilateral symmetric manner 

to form the neural folds. As a result the neural groove is formed in the embryonic 

midline that later on forms the lumen of the neural tube. At this time it segregates the 

left and right neural plate. The cells of the neural plate start to move towards each other 

to fuse and form the neural tube. This happens differently between the posterior and 

the anterior neural tube closure (NTC). NTC starts posteriorly in the region that forms 

the spinal cord and the hindbrain. In the first phase the cells of the neural folds start to 

grow thin and extend by radial intercalation and form a monolayer structure. These 

cells then migrate mediolaterally to fuse and form the posterior part of the neural tube 

(Keller et al., 1992). In the anterior region that forms the fore- and hindbrain NTC 

occurs without mediolateral CE and is driven by radial intercalation through apical 

constriction (Keller et al., 1992; Darken et al., 2002; Goto and Keller, 2002 Wallingford 

and Harland, 2002; Lindqvist et al., 2010; Prager et al., 2017; Gilbert, 2010). 

  

Left-right body axis development 

The left-right (LR) body axis is the last one that becomes established during 

embryogenesis. It is defined by the position of the visceral organs, like the liver laying 

on the right, the gut coiling asymmetrically through the body cavity and the lung which 

consist of two lobes on the left and three on the right side. This wildtype arrangement 

of the inner organs is determined as situs solitus. Misplacement of the inner organs 

can lead to various phenotypes like situs inversus totalis, meaning a complete mirror 

image, or heterotaxia (situs ambiguus) where at least one organ is affected in its 

position or structure that could cause severe diseases or lethality (Sutherland & Ware, 

2009). 
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For setting up the arrangement of the visceral organs that are asymmetrically 

distributed in the coelom of external bilateral symmetric organisms, the symmetry has 

to be broken. This event takes place during neurulation, where a leftward-fluid flow in 

most vertebrates leads to the asymmetric induction of the highly conserved Nodal 

cascade that regulates laterality determination. 

 

The Nodal cascade 

The Nodal signaling pathway is highly conserved throughout the animal kingdom and 

participates in many processes such as mesoderm induction and differentiation, 

endoderm induction, stem cell maintenance and left-right axis determination in 

chordates (Quail et al., 2013).  

Nodal ligands are cytokines which belong to the transforming-growth-factor beta (Tgf-

β) family. The first Nodal ligand was identified in 1993 in mice by genetic screens with 

a rapid follow up of identification in zebrafish, chickens and frogs (Zhou et al., 1993, 

Toyama et al., 1995; Smith, 1995; Jones et al., 1996). Interestingly, in contrast to mice, 

chickens and humans, where only one ligand is present, lower vertebrates like D. rerio 

and Xenopus exhibit multiple Nodal ligands (Schier, 2003).  

After secretion, Nodal ligands can act as long-range signals and thereby operate in a 

dose-dependent manner. Signaling occurs when Nodal binds to its receptor which is a 

complex of type II serine-threonine kinase receptors ActRII or ActRIIB and the type I 

receptor ActRIB/ALK4 (Reissmann et al., 2001, Yan et al., 2002, Yeo and Whitman, 

2001). Furthermore, Nodal ligands need the EGF-CFC co-receptor for providing 

signaling as it ensures the specificity for interaction with the ActRIB receptor (Chen & 

Shen, 2004; Reissmann et al., 2001; Yeo and Whitman, 2001; Yan et al., 2002). 

Binding of the ligand to its receptor leads to a downstream activation of Nodal signaling 

by phosphorylation of the receptor associated Smads (R-Smad) Smad2 and Smad3 

(Massagué, 1998). In turn, phosphorylated Smad2/Smad3 form a complex with the 

mediator-Smad Smad4 and enter the nucleus. This complex then interacts with the co-

transcription factors FoxH1 and Mixer to form a transcription initiation complex and 

induces the expression of Nodal target genes like nodal1, lefty2, pitx2 or foxa2 

(Germain et al., 2000; Randall et al., 2004 Dickmeis et al., 2001; Whitman, 2001). By 

the induction of lefty2, Nodal activates its own negative feedback inhibitor. Lefty2 

antagonizes Nodal signaling by interacting with the EGF-CFC co-receptor as well as 
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with Nodal itself. This interaction prevents the complex formation between receptor 

and ligand and limits nodal expression and signaling in time and space (Meno et al., 

1999; Chen and Shen, 2004; Cheng et al., 2004). The homeobox transcription factor 

pitx2, however, continues to be expressed in left organ anlagen and is thought to 

govern asymmetric organ morphogenesis (Yoshioka et al., 1998; Logan et al., 1998; 

Shiratori et al., 2014).  

To generate the asymmetric position of the visceral organs and thereby defining the 

LR body axis, the unilateral activation of the Nodal cascade on the left side is crucial. 

This is initiated in most vertebrates by a transient structure in the posterior part of the 

embryo that is defined as the left-right organizer (LRO). The LRO generates a leftward 

fluid flow which becomes translated into genetic information on the prospective left side 

of the embryo (Nonaka et al., 1998; Okada et al., 2005; Schweickert et al., 2007; Oteíza 

et al., 2008).  

 

Leftward-fluid flow at the LRO breaks the bilateral symmetry  

The LRO is a transient triangular ciliary structure in the posterior part of the archenteron 

of neurula stage embryos. The cilia of the central cells produce a leftward-fluid flow by 

rotating counterclockwise, which becomes sensed by the left flow-perceiving cells. The 

lateral LRO flanking cells express the Tgf-β/Wnt/Bmp anatoginst dand5, nodal1, the 

RNA-binding protein bicaudalc1 (bicc1) and gdf3 (growth differentiation factor 3) in a 

bilateral symmetric manner in preflow stages (st. 14 – 17) (Bell et al., 2003; Vonica & 

Brivanlou 2007; Vick 2009; Maisonneuve et al., 2009). Thereby Dand5 binds Nodal1 

extracellularly and represses Nodal signaling on both sides of the early embryo 

(Piccolo et al., 1999; Vonica & Brivanlou 2007). This interaction has to be prevented 

on the left side for symmetry breakage and is initiated by the leftward flow (Blum et al., 

2007; Schweickert et al., 2007; Schweickert et al., 2010). The mechanism of flow 

sensing can be explained by the two-cilia model (Tabin & Vogan 2003), where kinking 

of lateral non-motile cilia on the left side leads to calcium2+ (ca2+) influx by Pc2 into 

these cells (McGrath et al., 2003; Sarmah et al., 2005; Tanaka et al., 2005). However, 

ca2+ signaling is important for repressing dand5 and in turn for the induction of the 

Nodal cascade (Yoshiba et al., 2012; Takao et al., 2013). The exact mechanism behind 

this is up to now only partially understood. Sensing of flow on the left side leads to 

post-transcriptional repression of dand5 via the proximal region of its 3'UTR which is 
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regulated by the RNA binding protein Bicc1. Thereby Bicc1 has two functions during 

the symmetry breakage event. In preflow stages, Bicc1 regulates the mRNA stability 

of dand5 directly and of nodal1 indirectly in lateral LRO cells. After the leftward-fluid 

flow occured, Bicc1 interacts with a more distal region of the proximal part of the dand5 

3’UTR that leads to post-transcriptional repression. This function of Bicc1 on the left 

side seems to be ca2+ dependent (Getwan 2015; Maerker et al., 2020 in revision). 

Consequently, in post-flow stages, Dand5 activity on the left side is reduced and 

Nodal1 is released of repression (Fig. 1, (4)). Nodal1 than dimerizes with Gdf3 (Gdf1 

in mouse) that initiates long-range signaling by the usage of sulfated proteoglycans in 

the extracellular matrix to be transferred to the left LPM (Rankin et al., 2000; Eimon & 

Harland, 2002; Vonica & Brivanlou, 2007; Tanaka et al., 2007; Oki et al., 2007; 

Marjoram & Wright, 2011; Peterson et al., 2013).. Here, Nodal1 induces its own 

feedback loop (Fig.1, (5)) and the expression of pitx2 that triggers the asymmetric 

position of the visceral organs (Fig.1, (6) (Yoshioka et al., 1998; Logan et al., 1998; 

Shiratori et al., 2014).  

To ensure the symmetry breaking mechanism operates correctly, the precursor tissue 

of the LRO, the superficial mesoderm (SM), has to be specified during early 

gastrulation. 

 

Specification of the superficial mesoderm 

The LRO of Xenopus arises from the SM which is part of the outer layer of the dorsal 

mesoderm animally to the SO (Fig. 1, (1)). Those cells involute at the end of 

gastrulation and line up with the roof of the gastrocoel (Fig.1, (2)). This structure 

constitutes to the transient LRO until the superficial cells ingress into the noto- and 

hypochord and into the somites (Shook et al., 2004).  

Crucial for the specification of the SM is the induction of the Forkhead box transcription 

factor J1 Foxj1 in early gastrulae. foxj1 represents the master regulator gene for motile 

cilia and becomes induced by canonical Wnt and Fgf (fibroblast growth factor) signaling 

(Glinka et al., 1996; Smith et al., 1995; Stubbs et al., 2008; Yu et al., 2008; Walentek 

et al., 2013; Schneider et al., 2019). In early gastrula stage embryos, Wnt signaling 

orchestrates the induction of nodal3, both in the SO and the SM, in a Serotonin-

dependent manner (Smith et al., 1995; Glinka et al., 1996; Beyer et al., 2012). Nodal3 
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synergizes with the ca2+-channel Pc2 and induces together with Fgf signaling the 

expression of foxj1 in SM (Vick et al., 2018; Schneider et al., 2019).  

After specification of the SM the tissue invaginates into the embryo at the end of 

gastrulation and forms the transient LRO. The LRO consists of medial flow-generating 

cells that harbor motile, posterior polarized cilia that rotate counterclockwise (Antic et 

al., 2010). These cells are part of the superficial layer of the notochord and ingress into 

the hypo- and notochord after leftward flow. The flanking region of the LRO on the right 

and left side make up the sensory LRO (sLRO) cells, which are of somitic origin in 

Xenopus (Shook et al., 2004). These cells are characterized by non-polarized and 

immotile cilia which are thought to bend by flow and finally induce symmetry breakage 

(McGrath et al., 2003; Boskovski et al., 2013; Tavares et al., 2017). How the sLRO 

cells become specified and separated from the flow-generating cells is less 

understood. Recent studies demonstrated, that this process might depend on Fgf 

signaling, including an interaction with Pc2 (Schneider et al., 2019; Sempou et al., 

2018). 
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Figure 1: Symmetry breakage in Xenopus laevis 

At onset of gastrulation, the SM (green) the precursor tissue of the Xenopus LRO, becomes specified 

in the dorsal midline (1). In course of gastrulation, the SM lines up the archenteron roof in the posterior 

part of the embryo and forms the ciliated LRO at early neurulation (2). At mid neurula, posterior polarized 

cilia produce a leftward-fluid flow (3) that becomes sensed by the left marginal cells. These cells express 

the Tgf-β growth factor nodal1 (blue) and its antagonist the Tgf-β/Wnt/Bmp inhibitior dand5 (yellow). 

Flow-sensing leads to loss of Dand5 activity on the left side. Nodal1 is released of repression and 

becomes transferred into the left lateral plate mesoderm (4). In the left LPM, Nodal1 activates its’ own 

feedback loop (5) and the induction of pitx2 that regulates asymmetric organogenesis (6). This process 

is prevented on the right side by the presence of Dand5 (Picture adapted from Blum & Ott, 2019). 
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The planar cell polarity pathway 

Planar cell polarity (PCP) is defined by the orientation of a cell or cilia along a tissue 

axis in a specific direction. The polarity within a cell is important to coordinate cellular 

behavior like directed movement of cells or ciliary outgrowth and beating. A 

considerable example for oriented cellular migration is the process of gastrulation. 

Mesodermal cells become polarized and migrate towards the embryonic midline that 

leads to blastoporal closure, thinning and lengthening of the embryo. Besides the 

induction of polarity within a cell, PCP regulates the positioning of a cilium that is crucial 

for its function. Cilia can act as an antenna for the reception and transmission of 

extracellular signals that lead to a tissue and pathway dependent readout. 

Misregulation can impair sensing of extracellular signals, like e.g. the kinocilia in the 

inner ear resulting in deafness, or affect the transport of fluids like the circulation of the 

cerebrospinal fluid in the ventricle of the brain or mucociliary clearance in the lung 

(Littlewood & Müller, 2000; Worthington & Cathcart 1963; Antunes & Cohen 2007). 

The generation of planar cell polarity is regulated by the intercellular asymmetric 

distribution of several key components of the PCP pathway. Initiating PCP can be 

regulated by the core PCP system throughout the animal kingdom and/or the global 

PCP/Dachsous/Fat system that is mainly characterized in Drosophila. The purpose of 

both systems is to polarize cells and tissues by interacting with extracellular cues 

(Axelrod, 2009; Goodrich & Strutt, 2011; Peng & Axelrod, 2012). It is not clarified if the 

core and the global PCP pathway act independently or facilitate each other. Current 

studies verified that they can act autonomously as well as cross talk by the global 

system that can promote the transport of Frizzled along microtubules (Casal et al., 

2006; Brittle et al., 2012; Sagner et al., 2012; Merkel et al., 2014; Harumoto et al., 

2010). Evidences for the existence of the global system in vertebrates occur but are 

less described, though protein conservation of this system in vertebrates suggests that 

they might act in a related way (Saburi et al., 2008; Saburi et al., 2012; Sharma & 

McNeil 2013; Wallingford 2012). 

 

The core PCP pathway in vertebrates 

The core PCP pathway, also known as Fz/PCP pathway, consists of 6 main players. 

Three of those are membrane-spanning proteins, the receptor Fz, the transmembrane 



Introduction 

19 
 

protein Vangl and the atypical cadherin Fmi. The other three, Dvl, Pk and Dgo, form 

the cytoplasmic components of this pathway. Fz, Dvl and Dg are localized to the distal 

part of the cell, while Vangl and Pk are proximally and Fmi is symmetrically distributed 

(Vinson & Adler, 1987; Krasnow et al., 1995; Tree et al., 2002; Wolff & Rubin, 1998; 

Bastock et al., 2003; Das et al., 2002). 

PCP can be regulated by long-range or short-range signaling. For long-range signaling 

non-canonical Wnt ligands like Wnt11 or Wnt5 have to bind to the intercellular cysteine-

rich domain of Fz for pathway induction (Gao et al., 2011; Wu et al., 2013; Qian et al., 

2007; Wallingford & Harland, 2001; Tada et al., 2000). Short-range signaling can occur 

in the absence of Wnt ligands. When Fmi is found between two neighboring cells they 

interact with each other, as well as when Fz is on the distal side of one cell with Vangl 

on the proximal side of the adjactent cell. In turn both complexes stabilize each other. 

Intracellularly, Dg and Pk have an antagonizing function while both are able to interact 

with Dvl. While Dg stabilizes the Fz/Dvl complex, Pk recruited to the membrane by 

Vangl, destabilizes Dvl activity. As a consequence an asymmetric distribution is 

arranged both on the proximal side of the cell by the presence of the Vangl/Pk complex 

and distally by the Fz/Dg/Dvl complex. This organization can either lead to cytoskeleton 

rearrangement or to a transcriptional response downstream of Dvl. For a cytoskeleton 

rearrangement, Dvl has to interact with several downstream factors of small GTPases 

of the Rho family (Rho, Rac and Cdc42), as the Rho-associated kinase Rok. This might 

be mediated by Daam1 (Marlow et al., 2002; Winter et al., 2001, Habas et al., 2001; 

Miller et al., 2011). In combination with JNK/MAPK and Jun-Fos transcription factors, 

Dvl is able to induce a transcriptional response (Boutros et al., 1998; Weber et al., 

2000; Weber et al., 2008). 

 

PCP in cilia polarization 

The proper arrangement of cilia within a tissue or a cell is a major step to ensure 

functionality. PCP signaling provides actin assembly at the apical cortex and basal 

body (BB) orientation. In multiciliated cells like the Xenopus epidermis, an in vivo model 

for the human airway, Dvl is apically distributed and regulates actin assembly and the 

transport of BBs to the apical surface (Park et al., 2008). At the apical cell cortex the 

BBs exhibit two polarized structures, a posteriorly oriented basal foot and an anteriorly 

ciliary rootlet (Park et al., 2005; Park et al., 2006; Park et al., 2008). This orientation 
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allows axonemal outgrowth of cilia and structural support by anchoring to the sub-

apical actin network (Werner et al., 2011).  

In mono-ciliated cells like those of the LRO, the PCP pathway regulates the posterior 

polarization of cilia which is crucial for generating the leftward fluid flow. The core 

proteins Vangl and Pk localize anteriorly at the membrane in LRO cells of mice and 

Xenopus, while Dvl is distributed posteriorly (Antic et al., 2010; Hashimoto et al., 2010). 

Disruption of one of these components led to LR defects attributed to loss of cilia 

polarization within the LRO. In Xenopus, the upstream Wnt ligand Wnt11b seems to 

be crucial for cilia orientation in the LRO (Walentek et al., 2013). However, in mice the 

interaction of the non-canonical Wnt ligands Wnt5a/Wnt5b with their inhibitors of the 

Sfrp family (secreted frizzled related proteins) - both forming a gradient along the 

embryonic AP axis - restricts Wnt5a/Wnt5b expression posteriorly to the LRO cells. 

There it regulates BB docking and posterior polarization of cilia by the PCP pathway 

(Minegishi et al., 2017).  

 

PCP regulates gastrulation and neural tube closure 

The main driving force for gastrulation and neural tube closure is provided by PCP 

signaling that regulates apical constriction and CE. Gastrulation is initiated by the 

formation of endodermal bottleneck cells at the dorsal lip of the embryo that undergo 

apical constriction (Hardin & Keller, 1988). These cells elongate while they reduce their 

apical surface and shift their main part into the embryo. This process is regulated by 

actomyosin contractility and the core PCP protein Vangl2 in Xenopus (Lee & Harland, 

2007; Ossipova et al., 2015). At the same time mesodermal cells start to migrate 

towards the embryonic midline in anterior direction by mediolateral intercalation. 

Before these cells start to migrate, they expose lamellipodia in random orientation. This 

rapidly changes in a bipolar manner by reorientation of the protrusions. The protrusions 

align towards the embryonic midline and towards the neighboring mesodermal cells. 

The connection between these cells enables the generation of traction force for 

mediolateral intercalation (Keller et al., 2000; Wallingford et al., 2002). The polarization 

and orientation of the lamellipodia in mesodermal cells and thereby CE depends on 

the localization of the core PCP proteins Dvl and Vangl2 in Xenopus (Wallingford et 

al., 2000; Goto & Keller, 2002, Park et al., 2005).  
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Even the attached neurulation requires PCP signaling along the AP axis in two different 

manners. Posteriorly, NTC is regulated by CE while anteriorly radial intercalation drives 

NTC. Radial intercalation is provided by apical constriction that requires the expression 

of Vangl2 at the apical tip. This distribution organizes the microtubule cytoskeleton 

apicobasally which allows cells to elongate by reducing the apical surface and 

enlarging the basal side. In turn these cells intercalate radially and close the anterior 

neural tube (Lee et al., 2007; Ossipova et al., 2015; Prager et al., 2017).  

 

Aim of this work 

One of the primary processes during early embryonic patterning is the establishment 

of the three body axes that form a bilateral symmetric organism. While the AP- and 

DV-axis are externally visible, the LR body axis is concealed since it is defined by the 

orientation of the internal organs. The aim of the present work was to address the 

function of goosecoid during AP- and DV- axis development and of myosin1d and 

dmrt2 during LR body formation in Xenopus laevis. 

The development of the AP- and DV-axis depends on the induction of the SO that 

represents the major signaling center for primary axis induction. A key regulator in the 

early SO is the transcriptional repressor of the bicoid subfamily of the paired homeobox 

family goosecoid (gsc). Gsc acts in a negative autoregulatory loop and ventral 

misexpression induces a secondary body axis. Surprisingly, the loss of function in frogs 

or mice had no impact on early development which compromised the early function of 

Gsc in axis development. Interestingly, overexpression of gsc in Xenopus and mice 

impaired the elongation of the notochord (Deissler, 2002; Andre, 2004; Ulmer, 2008, 

2012). In addition, the gsc gain of function in Xenopus led to severe gastrulation and 

neural tube closure defects, while the function of the Drosophila gsc was restricted to 

secondary body axis induction (Ulmer 2008). These observations elevated the 

presumption that Gsc attained a novel function during vertebrate development in 

regulating PCP-mediated CE. This hypothesis should be analyzed in vivo by gain and 

loss of function experiments of gsc in the embryonic midline and neural tissue of 

Xenopus embryos. Combinatorial experiments with several factors of the Wnt/PCP 

pathway should clarify if Gsc interacts with PCP signaling. Further, analysis of explants 

that are attributed to elongation should highlight if the gsc GOF is able to repress PCP 



Introduction 

22 
 

ex vivo. These studies could be insightful for understanding the role of Gsc in the SO 

and during DV- and AP-axis patterning.  

Two genes, myosin1d (myo1d) and doublesex and mab3-related transcription factor 2 

(dmrt2), have been recently identified to be involved in LR axis determination. The 

unconventional Myo1d, an actin-based motor protein, arranges the dextral orientation 

of the tubular organs in the invertebrate Drosophila melanogaster by interfering with 

adherens junctions and the core and global PCP pathway (Hozumi et al., 2006; 

Gonzáles-Morales et al., 2015). This observation was exciting as the symmetry 

breaking mechanism in Drosophila occurs independently of leftward-flow and does not 

reflect asymmetric gene expression but rather dextral morphogenesis of tubular 

organs. The importance of the cytoskeleton for laterality determination had already 

been described for the several model organisms like the freshwater snail Lymnaea 

stagnalis or the chicken. Thus it was of high interest if Myo1d represents a component 

of the ancestral symmetry breaking mechanism that became conserved along 

invertebrates and vertebrates. The role of myo1d during LR determination should be 

analyzed in a vertebrate model organism where symmetry breakage is flow-

dependent. Several loss of function approaches should highlight if Myo1d is involved 

in the arrangement of the inner organs and moreover if it intervenes with PCP signaling 

in Xenopus laevis. 

The transcription factor Dmrt2 represents a gene of ancestral sex determination in 

Drosophila and C.elegans that became conserved across phyla. Besides this function, 

Dmrt2 was the first protein of the dmrt family identified to have a function besides 

sexual development (Meng et al., 1999). Recent studies in zebrafish showed that dmrt2 

is involved in somitogenesis and in laterality determination by regulating the expression 

of the forkhead box transcription factor j1 (foxj1), the master regulator of motile cilia 

(Meng et al., 1999; Saude et al., 2005; Pinto et al., 2018). That these processes are 

linked has often been proposed as impaired somitogenesis can include laterality 

defects and vice versa. How this correlates has not been examined more in detail and 

became mostly explained by retinoic acid (RA) signaling that is thought to protect the 

somites from asymmetric cues derived from the LPM. We hypothesize, that Dmrt2 links 

these processes at the onset of gastrulation independently of RA. The lateral flow-

sensing LRO cells in Xenopus are of somitic fate (Shook et al., 2004) and how they 

become specified and separated from the flow-generating cells is less understood. 

Based on the somitic origin of the sLRO cells and that mesodermal patterning is 
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important for specifying the SM, we speculate that the induction of the paraxial 

mesoderm might be crucial for the lateral sLRO cells. This step might be facilitated by 

Dmrt2 that could regulate the early specification of the somitogenic lineage in the 

Xenopus gastrulae and thereby link somitogenesis to LR axis induction. The analysis 

of early paraxial mesodermal and laterality marker genes after Dmrt2 depletion should 

elucidated if dmrt2 associates with these processes and has a conserved function 

during symmetry breakage. 
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A novel role for the organizer gene Goosecoid as an inhibitor 

of Wnt/PCP-mediated convergent extension in Xenopus and 

mouse 
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A conserved role for the Unconventional Myosin1d in Laterality 
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Supplemental Movies 

 

Original Movie legends from Current Biology 

 

Movie S1. Leftward Flow in WT and myo1d Morphant Embryos, Related to Figure 3 

Dorsal explant was prepared at stage 16/17, fluorescent microbeads were added and cilia-driven bead 

transport was recorded at a frame rate of 2 frames per second. Left: wildtype embryo; right: morphant 

specimen. Movie plays at 5 x real time. Note that in the morphant, individual beads were also transported 

from left to right 

 

Movie S2. Delay of Neural Tube Closure in myo1d Morphants, Related to Figure 4 

Embryos were unilaterally injected with AUG-MO at the 4-cell stage. Time lapse movie was recorded 

from stage 14 to stage 19 at 2 frames per minute. Injected side is marked by an asterisk. Jerks in the 

middle of the sequence were caused by manual re-positioning of the specimens. Movie plays at 900 x 

real time. Note that neural tube closure in the morphant specimen proceeds at reduced velocity on the 

injected sides. 

 

Movie S3. Bead Transport along the Larval Skin of a WT Specimen at Stage 24, Related to 

Figure 4 

Bead transport along the anterior-posterior axis of a wildtype embryo, incubated in culture medium 

containing fluorescent microbeads, was recorded at 10 frames per second. Movie plays at real time. 

 

Movie S4. Compromised Bead Transport along the Larval Skin of a myo1d Morphant Specimen 

at Stage 24, Related to Figure 4 

AUG-MO was injected into the ventral right blastomere at the 4-cell stage and embryos were cultured 

until stage 24. Bead transport along the anterior-posterior axis, incubated in culture medium containing 

fluorescent microbeads, was recorded at 10 frames per second. Note that bead transport on the injected 

side (∗) was slowed down. Movie plays at real time. 
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dmrt2 and myf5 link early somitogenesis to left-right axis 

determination in Xenopus laevis 

Melanie Tingler, Axel Schweickert, Martin Blum 

University of Hohenheim, Garbenstr. 30, 70599 Stuttgart, Germany 

Abstract 

The left-right (LR) body axis of vertebrates and thus the position of the inner organs is 

set up by a highly conserved embryonic process. In most vertebrates the left positional 

information is manifested during neurulation by the so called left-right organizer (LRO). 

The LRO depicts a transient ciliated epithelia and generates a cilia-driven leftward fluid 

flow which breaks the bilateral symmetry of the early embryo. This flow is thought to 

be sensed by the ciliated cells of the left LRO margin and translated into post-

transcriptional repression of the Tgf-β/Wnt/Bmp antagonist dand5. Subsequently the 

co-expressed Tgf-β growthfactor Nodal1 is released of Dand5 repression and transfers 

to the left lateral plate mesoderm. There Nodal1 induces the Nodal cascade which is 

composed of a positive feedback loop, the feedback inhibitor lefty and the expression 

of the homeobox gene pitx2 that drives asymmetric organogenesis. 

The transcription factor of the doublesex and mab3-related family, Dmrt2, was mainly 

studied during sexual development of invertebrates and vertebrate somitogenesis. We 

show that dmrt2 impacted on 2 essential functions during symmetry breakage in the 

African clawed frog Xenopus laevis. Using morpholino mediated knock-down of dmrt2 

we revealed that LRO ciliation was broadly affected as well as nodal1 mRNA 

expression was absent in sensory LRO cells. These observations were accompanied 

by a strong mRNA reduction in early gastrulae of two transcription factors, foxj1 the 

master control gene of motile cilia and the somitogenesis promoting factor myf5.  

We demonstrate that myf5 is required for left-right (LR) asymmetry via specifying 

sensory LRO cells. Myf5 acted downstream of Dmrt2 as dmrt2 morphants were 

rescued by myf5 mRNA. Therefor dmrt2 is needed for LRO ciliation as well as for the 

specification of the lateral flow-perceiving cells. We show for the first time that the basic 

embryonic processes of symmetry breakage and somitogenesis are tightly linked. 
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Introduction 

Heterotaxia syndrome is a rare disease affecting the asymmetric position of the inner 

organs with a prevalence of 1:10 000 (Lin et al., 2014). It can be manifested as situs 

ambiguus resulting in the misplacement of some but not all inner organs across the 

left-right body axis or in situs inversus totalis defined as the complete mirror image 

arrangement of the visceral organs. While situs inversus totalis has no clinical impact 

on patients, heterotaxia can result in severe malformation (isomerism) and malfunction 

of the inner organs (Sutherland & Ware, 2009). The determination of the LR body axis 

requires breakage of the initial bilateral symmetry in the early embryo. The first 

detectable asymmetry is a leftward fluid flow in fish, frog and mouse neurulae. This 

asymmetric event is generated by a transient ciliary structure in the posterior 

embryonic midline which is termed the left-right organizer (LRO; posterior notochord 

or node in mouse, Kupffer’s vesicle -KV- in fish and gastrocoel roof plate –GRP- in 

frog) (Nonaka et al., 1998; Okada et al., 2005; Schweickert et al., 2007; Oteíza et al., 

2008). Midline LRO cells harbor motile, posteriorly polarized monocilia that rotate in a 

counterclockwise manner (Antic et al., 2010). Thereby these cilia produce a directional 

leftward-fluid flow that is sensed by cells which project non-motile cilia and bilateral 

flank the flow-generating area (McGrath et al., 2003; Nonaka et al., 2005; Boskovski 

et al., 2013; Tavares et al., 2017). These laterally positioned, sensory LRO (sLRO) 

cells express the secreted Tgf-β/Wnt/Bmp antagonist dand5 and the Tgf-β morphogen 

nodal1 in a bilaterally symmetric pattern prior to flow (Marques et al., 2004; Vonica & 

Brivanlou 2007; Schweickert et al., 2010). Because of Dand5, Nodal1 protein is 

prevented from being transferred to the lateral plate mesoderm (LPM) and to activate 

its own feedback loop (Hashimoto et al., 2004; Vonica & Brivanlou 2007). This situation 

changes due to the leftward-fluid flow when left cells perceive the flow. Although the 

sensing mechanism has not been fully unraveled a cilia based process is generally 

accepted. Bending of sensory cilia by leftward flow represents one hypothesis of flow 

sensing. In this setting, a ciliary localized mechano-sensor based on the calcium 

channel Polycystin-2 triggers calcium2+ (ca2+) influx (McGrath et al., 2003; Yoshiba et 

al., 2012). Asymmetric ca2+ spikes have been demonstrated in zebrafish and mouse 

(Yuan et al., 2015; McGrath et al., 2003; Takao et al., 2013). How ca2+ influences the 

downstream process is currently not known. In any scenarion, Nodal1 is flow 

dependently released of Dand5 repression, transfers to and promotes its own feedback 

loop in the left LPM. In addition, Nodal1 induces the transcription of its feedback 
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inhibitor lefty in Xenopus and the homeobox transcription factor pitx2. Pitx2 then drives 

the asymmetric development of most inner organs (Meno et al., 1998; Yoshioka et al., 

1998; Logan et al., 1998; Meno et al., 1999; Cheng et al., 2000). This asymmetric 

Nodal cascade is highly conserved across vertebrates e.g. chick, mouse or Xenopus 

and represents the major signal that regulates the establishment of the LR body axis 

in vertebrates (Levin et al., 1995; Lowe et al., 1996; Collignon et al., 1996).  

The symmetry breakage event requires the induction of the LRO that starts with its 

specification and morphogenesis. In early frog gastrulae, the LRO precursor tissue is 

called the superficial mesoderm (SM). The SM contains superficial cells which are 

positioned animally to Spemann Organizer. It can be detected by the transcription of 

the forkhead box transcription factor foxj1, the master regulator for motile cilia 

development. SM specification depends on a tightly controlled network, including 

canonical Wnt and downstream Fibroblast growth factor (Fgf) signaling (Glinka et al., 

1996; Smith, 1995; Stubbs et al., 2008; Walentek et al., 2013; Schneider et al. 2019; 

Vick et al., 2018). Since foxj1 should mark motile cilia harboring, flow-generating (fg) 

cells, it is currently unclear how the flow-sensing cell identity, containing non-motile 

cilia, is established. Besides the difference in cilia polarization and motility, fgLRO and 

sLRO cells differentiate into distinct cell fates. In post-flow stages fgLRO cells integrate 

into the embryonic midline i.e. the notochord, while the flanking sLRO cells contribute 

to the paraxial mesoderm i.e. the somites (Shook et al., 2004).  

Several reports demonstrated that disrupting somitogenesis in frog, fish or mice often 

resulted into LR-defects and interestingly also vice versa. A network of pathways 

including Wnt, Notch and Fgf signaling and the t-box gene transcription factor Tbx6 

are shared by both processes (Chapman et al., 1996; Watabe-Rudolph et al., 2002; 

White et al., 2003; Hadjantonakis et al., 2008).  

Like Tbx6, the transcription factors of the doublesex and mab3-related family, Dmrt2, 

had been implicated in LR determination and somitogenesis. This gene family is 

evolutionary highly conserved and represents proteins that are involved in sex 

determination in invertebrates and vertebrates. It originates from doublesex (dsx) in 

Drosophila melanogaster and from C. elegans male-abnormal 3 (mab3) and is based 

on the presence of an unusual cysteine-rich zinc binding DNA-binding domain, called 

the DM-domain (Raymond et al. 1998; Erdman & Burtis, 1993). This domain is highly 

conserved across the animal kingdom while further sequences of the Dmrt proteins 

show high variations (Volff et al., 2003).  
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dmrt2 was the first family member gene that was described to have a function apart 

from sexual development (Meng et al., 1999). In zebrafish, chick and mouse it plays a 

major role during early somitogenesis i.e. specification, differentiation and/or 

synchronization of segmentation (Meng et al., 1999; Saúde et al., 2005; Seo et al., 

2006; Liu et al., 2009; Sato et al., 2010). In 2005 Leonor Saúde and colleagues found 

a first hint for a possible connection between dmrt2 and left-right axis establishment in 

chick embryos. At st.4 Hamburger and Hamilton (HH) dmrt2 was bilateral symmetrical 

expressed in Hense’s node, the LRO in chick, and became transiently enriched on the 

left side of Hense’s node until 7HH (Saúde et al., 2005). They further confirmed in gain 

and loss of function experiments in zebrafish that LR establishment is perturbed by 

randomized expression of nodal1, lefty and pitx2 without affecting the embryonic 

midline. After the discovery of the fish-specific duplication of dmrt2 in 2008 which 

allows neofunctionalization it was possible to distinguish between the specific functions 

of dmrt2a and dmrt2b (Zhang 2003; Zhou et al., 2008). Both proteins are involved in 

LR symmetry breakage and somitogenesis through different pathways (Liu et al., 

2009). Characterization of the ancestral dmrt2a in more detail revealed that the master 

control gene for motile cilia, foxj1, is a target gene (Pinto et al., 2018). 

Here we report that dmrt2 function during symmetry breakage is conserved in Xenopus 

laevis. Dmrt2 regulates two important functions during LRO morphogenesis in the early 

gastrulae. Correlating to zebrafish, Dmrt2 intervenes in the induction of foxj1 in the SM 

and hence controls ciliogenesis of the LRO. Next, it specifies the paraxial mesoderm 

as it activates tbx6 and myf5 expression in early gastrulae. We demonstrated that this 

step is crucial for setting up the flow-sensing network as the Dmrt2-mediated induction 

of myf5 is important for specifying the sLRO cells.  

Our results provide an early function of the paraxial mesoderm for the specification of 

the flow-sensing LRO area and link early somitogenesis to left-right axis establishment.  
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Results  

dmrt2 has 3 isoforms and shows a broad expression pattern  

We examined the expression pattern of dmrt2 during Xenopus laevis development to 

detect LR relevant expression domains (Fig. S1). Maternal transcripts were not 

detected by in situ hybridization and RT-PCR (not shown). A first weak and diffused 

expression pattern could be observed in early gastrula stage embryos (st.10.5) in the 

mesoderm surrounding the blastoporus (Fig. S1A). At late gastrulation (st. 12) the 

expression of dmrt2 is concentrated to the elongating notochord (Fig. S1B). During 

early neurulation dmrt2 expression starts in the epidermis and later stages retain this 

domain (Fig. S1, C-F). Additionally, expression arises in the lateral mesoderm attached 

to the presomitic mesodermal border and dispersed along the notochord (Fig. S1C). 

Interestingly, we detected dmrt2 expression in hemisections of late neurulae (Fig. S1D) 

only in the posterior part of the notochord (Fig. S1D’). This dmrt2 positive region 

contains the LRO of Xenopus. Transversal sectioning revealed that the expression is 

distributed over the whole posterior notochord, including the central flow-generating 

LRO (fgLRO) cells (Fig.S1D’’). Early tailbud stage (st. 21) showed a broad expression 

in the presomitic mesodermal region and in epidermal cells (Fig. S1E). In late tailbud 

stage (st. 34, Fig. S1F) the expression stays stable in the epidermis where it might be 

restricted to a subtype of ion-secreting cells, the tail-organizer, the dermomyotom (Fig. 

S1F’’), the proctodaeum and to a part of the abdominal hypaxial muscle anlagen.  

The analysis of the dmrt2 expression pattern of during Xenopus development suggests 

a function during somitogenesis and left-right axis determination, which would be 

consistent with other model organism. Of note, sequence comparison and EST 

analysis indicated that the Xenopus dmrt2 gene might be expressed in different 

isoforms (Fig. S1G, H). Based on the available data we generated specific primers for 

each isoform and performed PCR analysis on cDNA of st. 33 tadpoles (Fig. S1H) 

produced with dTT-oligomers. We identified a full length transcript with 1587 base pairs 

(bp). It contains the sequence of all 4 exons, including its 5’UTR in exon 1 and 2, the 

3’UTR in exon 4 and the highly conserved DNA-binding domain, the DM-domain, in 

exon 2. A region in exon 4, that we termed as “U-domain” for “unknown domain”, shows 

high sequence conservation within vertebrates (Fig. S1G). Alternative splicing and 

intron retention generated a second isoform with 579 bp that represents the smallest 

dmrt2 isoform we identified. As isoform 2 consists of the first and second exon it also 
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includes the DM-domain as well as additional 129 bp of coding sequence formally 

derived from intron 2 (Fig. S1G). A third isoform was identified which lacks the DNA-

binding domain but includes the conserved U-domain. The open reading frame of this 

one starts in contrast to the other isoforms with exon 4 and has 960 bp coding 

sequence (CDS).  

By now we were not able to clarify which distal regions belong to the 5’ and 3’UTRs of 

the three different isoforms. Also we were not able to differentiate between expression 

pattern of each individual isoform during Xenopus development (Fig. S1, A-F). The 

designed in situ hybridization probe for dmrt2 includes the whole sequence between 

exon 1 and exon 4 and thus should recognize all 3 isoforms. Interestingly, existence of 

the third isoform only in other vertebrates like e.g. primates, bird or minkewhales might 

point out a conserved function during somitogenesis.  

The expression pattern of dmrt2 in Xenopus suggests a conserved dmrt2 function 

during vertebrate development. These functions could be isoform and stage 

dependent. Especially the expression pattern in the LRO (Fig. S1, D-D’’) was of interest 

as this implicated an involvement of dmrt2 during LR axis establishment in Xenopus, 

too.  

 

Loss of dmrt2 led to left-right defects and impaired ciliogenesis 

The results of the expression analysis revealed a first hint for a function of dmrt2 during 

symmetry breakage in Xenopus as it was expressed in the central LRO cells in 

neurulae. As the specificity of morpholino oligomers (MO) is highly discussed during 

the last years we tried to use the advantage of the CRISPR/Cas9 system. Thereby we 

generated F0 knock-out embryos with high indel efficiency (90 %) by injecting a dmrt2 

sgRNA targeting the DM-domain in exon 2 and Cas9 protein into one-cell stage 

embryos (Fig. S2A). Unfortunately we were not able to analyze LR marker genes in 

the LRO or the LPM as most of these embryos, so called dmrt2 crispants, had severe 

gastrulation defects (Fig. S2C, D).  

As consequence of the severe gastrulation defects seen in dmrt2 crispants we decided 

to take advantage of a MO in a tightly controlled manner for any further investigations. 

Like in dmrt2 crispants, a high amount of dmrt2-MO led to gastrulation defects (not 

shown) wherefore we titrated the amount of MO to a concentration that did not perturb 

gastrulation. Then, we analyzed exemplarily the expression of two organizer marker 
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genes, chordin (Fig. S3A, A’) and goosecoid (Fig. S3B, B’), as well as the mesodermal 

marker gene, t-box gene t (tbxt) (Fig. S3C, C’). The loss of dmrt2 in the applied 

concentration demonstrated that the analyzed marker genes were not affected and 

allowed further investigations.  

We started to analyze the expression of the LR marker gene pitx2 that is only 

expressed in the left LPM of wildtype embryos (Fig. 1A). After unilaterally left KD of 

dmrt2, the pitx2 expression in the LPM was absent in 60 % of the embryos (Fig. 1B, 

C). We were able to partially restore it by co-expressing the full length mRNA of dmrt2, 

demonstrating that the MO induced KD was specific.  

Next, we checked the morphogenesis of the LRO in mid-neurulae. By adding 

fluorescent microbeads to the LRO in dorsal posterior explants at st. 17 we measured 

the leftward fluid flow in control embryos (Fig. 1D) and dmrt2 morphants (Fig. 1E) to 

quantify flow velocity (Fig. 1F) and directionality (Fig. 1G). Leftward-fluid flow was 

heavily impaired in morphants (Fig. 1E) as both, directionality (Fig. 1G) and velocity 

(Fig. 1F) were affected.  

As the defective flow in neurulae could be the result of reduced foxj1 levels in the SM 

as well as foxj1 is a dmrt2a target gene in zebrafish (Pinto et al., 2018), we analyzed 

the specification of the SM (Fig. 1, H-J). In comparison to wildtype controls embryos 

(Fig.1H, J), the depletion of dmrt2 strongly reduced foxj1 in the SM in 85 % of the 

embryos (Fig. 1I, J). Subsequently and for the proof of principle, we stained the LRO 

with an antibody against acetylated α-tubulin (Tuba4a) to visualize cilia and stained the 

F-actin cytoskeleton to mark the cell borders (Fig. 1, K-L’’). The central fgLRO cells 

(Fig. 1K, K’) and the flanking lateral sLRO cells (Fig. 1K, K’’) can be clearly 

distinguished in LROs of untreated embryos (Fig. 1K). Measurement of ciliary length 

revealed an average of 6 µm and cilia were posteriorly polarized (Fig. 1K, K’, M). In 

contrast, after unilateral left KD of the dmrt2, depicted by green lineage trancer, cilia 

were abnormal with respect to positioning and ciliary length (Fig. 1L-M), as they were 

unpolarized (Fig.1L’) and reduced to about 3 µm (Fig. 1M). Interestingly, the loss of 

dmrt2 completely erased the sLRO cells (Fig. 1L’’). This indicated that Dmrt2 has an 

axial and a paraxial function. In the midline it acts on LRO ciliogenesis by regulating 

foxj1 expression in the SM. The loss of the border between the fgLRO and the sLRO 

opens the question if sLRO cells are specified and if dmrt2 influences the patterning of 

the paraxial mesoderm as sLRO cells are of somitic origin.  
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Figure 1: Loss of dmrt2 impaired laterality determination and LRO morphogenesis 

The LR marker gene pitx2 was expressed in the left LPM in untreated control siblings (A, C). After 

unilaterally left KD of dmrt2, pitx2 in the left LPM was absent (B) in 60 % of the embryos (C). Co-

expressing the full length dmrt2 mRNA reduced the amount of LR defects up to 40 % (C). Analysis of 

the LRO morphogenesis in dmrt2 morphants strongly revealed that leftward-fluid flow is perturbed (E) 

in velocity (F) and directionality (G) in comparison to wildtype control embryos (D, F, G). foxj1 that 

became expressed in the SM in wildtype embryos (H, J) was reduced in dmrt2 morphants (I, J). 

Fluorescence staining of the LRO for F-actin and Tuba4a manifested that fgLRO cells harbored 

mispolarized and shortened cilia after dmrt2 KD (shown by green lineage tracer) (L, L’, M) and loss of 

sensory LRO cells (L’’). 

asterisk mark the injected side; a=anterior; co=control; fgLRO=flow-generating left-right organizer; l=left; 

p=posterior; r=right; sLRO= sensory left-right organiezer;  
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Dmrt2 regulates paraxial mesoderm patterning 

The immunofluorescence staining revealed that sLRO cells are affected in dmrt2 

morphants. Therefore we stained for the LR marker gene nodal1 that is expressed in 

a bilateral symmetric fashion in wildtype embryos (Fig. 2A). After depletion of Dmrt2, 

the nodal1 expression domain was completely erased in 50 % of the embryos (Fig. 2B, 

D) and could be partially restored by co-expressing dmrt2 (Fig. 2C, D). Of note, 

targeting the right-side of the embryo resulted in the same outcome (not shown). 

As sLRO cells in Xenopus are of somitic origin (Shook et al., 2004), we asked whether 

paraxial mesoderm patterning was affected. We investigated the expression of two 

myogenic marker genes at the onset of gastrulation, namely tbx6 (Fig. 2, E-H) and 

myf5 (Fig. 2, I-L). We noted that both, tbx6 (Fig. 2F, H) and myf5 (Fig. 2, J-L) 

expression were strongly reduced after dmrt2 KD. Co-injecting the dmrt2 mRNA was 

able to restore the tbx6 expression in mesodermal cells (Fig. 2G, H).  

These observations told us that the specification of the sLRO cells was lost in dmrt2 

morphants. Due to their contribution to the paraxial mesoderm which was strongly 

affected after loss of Dmrt2, this suggested that paraxial mesoderm patterning in 

Xenopus might be linked to symmetry breakage. 

 

 

Figure 2: sLRO cells and paraxial mesoderm patterning are lost in dmrt2 morphants 

In wildtype embryos, nodal1 became expressed in a bilateral symmetric manner in the LRO (A). 

Morpholino-mediated KD of dmrt2 led to complete loss of the sLRO expression domain (B, D) that could 
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partially be restored by co-injecting dmrt2 mRNA (C, D). Analysis of tbx6 (E-H) and myf5 (I-L) in early 

gastrulae demonstrated that paraxial mesoderm patterning was affected. tbx6 was reduced on the 

targeted side (F, H) and was significantly rescued upon co-expressing dmrt2 (G, H). The angle-wing like 

expression pattern of myf5 (I) was lost (J) or reduced (K) in dmrt2 morphants (L). 

asterisk mark the injected side; a=anterior; co=control; l=left; p=posterior r=right 

 

Paraxial mesoderm patterning is important for sLRO cell specification 

Based on the observation that dmrt2 influences paraxial mesoderm patterning, we 

wanted to know if these can be linked experimentally to symmetry breakage in 

Xenopus. First of all, we asked whether myf5 (Fig. S4A) and tbx6 (Fig. S4B) are 

expressed in the frog LRO. In situ hybridization and transversal sectioning of neurula 

stage embryos demonstrated that both were expressed in the lateral sLRO cells (Fig. 

S4A’, B’). As myf5 is a direct target gene of Dmrt2 in mice and of Tbx6 in Xenopus, we 

wondered if tbx6 could restore myf5 expression in dmrt2 morphants (Sato et al., 2010; 

Li et al., 2006). Again, the loss of dmrt2 led to absent myf5 expression in 60 % of the 

embryos on the targeted side (Fig. 3B, D). Co-injecting tbx6 in dmrt2 morphants 

significantly rescued the loss of myf5 in early gastrulae (Fig. 3C, D). Ongoing we 

checked for nodal1 in the LRO (Fig. 3, E-H). While the dmrt2 morphants mainly showed 

a completely loss of the nodal1 domain (Fig. 3F, H), siblings that were co-injected with 

tbx6 had a partially restored nodal1 expression (Fig. 3G, H).  

Next, we investigated if manipulation of the paraxial mesoderm itself affects laterality 

determination. As the early angle-wing like expression pattern of myf5 could remark 

the future position of the sLRO cells, we decided to use a translation blocking 

morpholino against myf5. The unilateral left loss of myf5 phenocopied the dmrt2 

morphants. The nodal1 expression domain was absent in the LRO in about 50 % after 

myf5 KD (Fig. 3J, L) which could be rescued by co-expressing myf5 mRNA (Fig. 3K, 

L), demonstrating MO specificity. In addition, analysis of pitx2 in the LPM (Fig. 3, M-P) 

confirmed the importance of myf5 for symmetry breakage. In contrast to wildtype 

control siblings that showed left-sided expression in the LPM (Fig. 3M, P), myf5 

morphants lacked the pitx2 pattern (Fig. 3N, P). 

These results showed that the specification of the paraxial mesoderm is crucial for 

symmetry breakage in Xenopus. 
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Figure 3: Paraxial mesoderm patterning is important for laterality determination 

Wildtype control embryos showed the angle-wing like expression pattern of myf5 in early gastrulae (A). 

Depletion of Dmrt2 strongly impaired myf5 expression (B, D) that could be restored by co-expressing 

tbx6 (C, D). In neurula (E-H), the erased nodal1 domain in the LRO of dmrt2 morphants (F) was rescued 

upon on expressing tbx6 mRNA (G, H). Blocking the translation of myf5 (I-P) phenocopied the dmrt2 

morphants. nodal1 was absent in the LRO (J, L) and the LPM lacked pitx2 expression (N, P). Co-

expressing myf5 mRNA in myf5 morphants restored the wildtypic situation of nodal1 (K, L) and pitx2 (O, 

P) in those siblings. 

asterisk mark the injected side; a=anterior; co=control; d=dorsal; l=left; p=posterior; r=right; v=ventral 

 

Myf5 specifies sLRO cells downstream of Dmrt2 

Last, we asked if Dmrt2 and Myf5 act in the same pathway on sLRO specification. 

Therefore we performed epistatic experiments (Fig. 4, A-G) with suboptimal dmrt2 and 

myf5 MO doses and analyzed nodal1 (Fig.4, A-D) in the LRO and pitx2 expression in 

the LPM (Fig.4, E-G). These experiments showed, that both were stronger affected if 
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the MOs were injected together than alone. Single low dose injection of each led to a 

reduced nodal1 domain in the LRO (Fig. 4B, D), while the combination of both erased 

the expression (Fig. 4C, D). Corresponding to this, the single loss of either dmrt2 or 

myf5 had a weak impact on pitx2 in the LPM (Fig. 4G). The parallel KD of both strongly 

compromised pitx2 resulting in absent expression on the left side (Fig. 4F, G). This 

indicates that myf5 and dmrt2 act together in the same process. 

Finally, to further strengthen this possible interaction between Myf5 and Dmrt2 during 

sLRO cell specification and laterality determination, we tried to rescue the dmrt2-MO 

with myf5 mRNA (Fig. 4, H-N). The depletion of Dmrt2 revealed a complete loss of 

nodal1 in 65 % of the embryos (Fig. 4I, K). The co-expression of myf5 in dmrt2 

morphants restored the nodal1 domain (Fig. 4J) with 90 % of the embryos showing a 

wildtypic pattern again in the LRO (Fig. 4K). Additionally, pitx2 that was absent in all 

morphant embryos (Fig. 4M, N) could be rescued in 45 % of the embryos (Fig. 4N). 

This showed that Dmrt2 specifies the sLRO of Xenopus in a myf5 dependent manner. 
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Figure 4: Myf5 specifies sLRO cells downstream of Dmrt2 

Epistatic experiments with suboptimale doses of dmrt2- and myf5-MO showed that single injection had 

a weak impact on nodal1 in the LRO (B, D). Combining both revealed a complete loss of the nodal1 

domain in 90 % of the embryos (C, D). Analysis of pitx2 confirmed this observation (G) as the single 

loss of one component had a weak impact in the LPM (G) in comparison to the combined loss of function 

that lacked pitx2 expression (F) in 70 % of the embryos (G). nodal1 (H-K) and pitx2 expression in dmrt2 

morphants (I, M) could be restored by co-expressing myf5 mRNA (K, N). 

Asterisk mark the injected side; a=anterior; co=control; l=left; p=posterior; r=right 
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Discussion 

The intrinsic chirality of the inner organs is crucial for their proper function. 

Malformations that occur in humans during embryonic development can engender 

organ dysfunction or be lethal. Therefor it is indispensable that the bilateral symmetry 

gets broken properly to initiate asymmetric organ morphogenesis. In most vertebrates, 

the mechanism of symmetry breakage is constituted by a cilia-driven leftward fluid flow 

(Nonaka et al., 1998; Okada et al., 2005; Schweickert et al., 2007; Oteíza et al., 2008). 

Importantly, flow directionality needs to be perceived and translated into molecular 

pathways which fix laterality. Thus somitic sLRO cells are of utmost relevance for LR 

development.  

These events require the specification of the transient LRO that has been extensively 

studied during the last years. However, the mechanism that specifies and separates 

the lateral sensory LRO cells, which are of somitic nature in Xenopus, was less 

examined. Recent studies showed that this process involves Fgf signaling (Sempou et 

al., 2018; Schneider et al., 2019).  

A current study identified dmrt2 as a novel regulator of symmetry breakage in 

zebrafish. Here, Dmrt2 regulates the expression of foxj1 and the synchronized 

segmentation of the somites (Saúde et al., 2005; Pinto et al., 2018). These 

observations gave a first hint that dmrt2 could be involved in the specification of the 

somitic LRO sensor cells and thereby provided the basis of this work.  

 

dmrt2 expression pattern points to a conserved function among vertebrates 

First, we examined the expression pattern of dmrt2 during Xenopus laevis 

development. Expression was restricted to the notochord, the intermediate mesoderm, 

the ionocytes and the somites which recapitulated the already described functions of 

dmrt2 during LR establishment, kidney development, ionocyte specification in the 

human airway epithelia and somite differentiation, respectively (Meng et al., 1999; 

Saúde et al., 2005; Pinto et al., 2018; Õunap et al., 2004; Han et al., 2010; Deprez et 

al., preprint; Bouman et al., 2018; Seo et al., 2006;). This pointed to an overall 

conserved function of dmrt2 in vertebrates.  

Moreover, it turned out that dmrt2 is expressed in 3 different isoforms in Xenopus 

laevis. Further investigations have to analyze the function of each during Xenopus 

development and to proof the existence of additional isoforms as the human dmrt2 
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encodes for 6 variants (Ottolenghi et al., 2000). We suggest that these isoforms act in 

a tightly controlled network and can regulate target genes stage- and tissue-

dependently in a combinatorial manner. Of note, the homologous gene dsx becomes 

alternatively spliced in Drosophila (Burtis & Baker, 1989). Both isoforms possess two 

oligomerization domains and act on the same target gene but with different effect (An 

et al., 1996, Erdman et al., 1996). The dsxM splice variant acts as transcriptional 

activator leading to male differentiation, while the dsxF represses the target gene 

(Coschigano & Wensink 1993). Additionally, Dmrt proteins generally have the 

competence to bind DNA as monomers, homo- or heterodimers and can operate in a 

feedback loop (Murphy et al., 2007, Pinto et al., 2018). This shows that the regulatory 

machinery of dmrt2 is sophisticated. Future work has to characterize if Xenopus Dmrt2 

operates in a related mechanism. Identification of the transactivation domain, as well 

as functional studies of oligodimerization domains and especially of the vertebrate 

specific U-domain would be valuable, as we propose that the latter is important for the 

function of Dmrt2 during symmetric somitogenesis that arose within vertebrates.  

 

Dmrt2 links early somitogenesis to symmetry breakage 

However, decisive for the high frequency LR defects in Xenopus morphant embryos 

seem not to be the result of a reduction of foxj1 expression in early gastrulae. It turned 

out that the co-expression of myf5 after dmrt2 KD manifested the specification of the 

sLRO cells. This was proven by the loss of myf5 that phenocopied the dmrt2 KD and 

led to impaired pitx2 and nodal1 expression. Additionally, epistatic experiments 

showed that both genes act in the same signaling pathway. This confirms that the 

specification of the sLRO cells depends on the induction of the myogenic lineage. How 

dmrt2 and myf5 cooperate exactly needs to be evaluated.  

We propose that Dmrt2 acts downstream or parallel of Fgf signaling during paraxial 

mesoderm patterning in early gastrulae. Fgf signaling is imperatively necessary for this 

process, as well as for the specification of sLRO cells and the induction of foxj1 in the 

SM (Sempou et al., 2018; Schneider et al., 2019). The Fgf8 ligand operates in a 

positive feedback loop with Tbx6 that in turn directly regulates the induction of myf5, 

wnt8 and fgf8 independently of Tbxt (Fletcher & Harland 2008; Li et al., 2006). Likewise 

the loss of dmrt2 affected tbx6 and myf5 expression without affecting tbxt, the 

patterning of the SM and the specification of the sLRO cells reinforcing our idea. 
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Interestingly, Myf5 activates myod1 expression that deals in a feedback loop inducing 

the expression of tbx6. Thereby, Myod1 is able to induce tbx6 but it is not sufficient for 

the activation of myf5, demonstrating the complex regulation machinery of myf5 that 

might include additional regulators (Maguire et al., 2012). This is in agreement with our 

data as we were able to rescue tbx6 expression but not myf5 in gastrulae. Of note, we 

found that myod1 was reduced in dmrt2 morphants and in turn, the overexpression of 

myod1 in animal caps was able to induce dmrt2 (not shown). Additionally, myf5 and 

nodal1 expression in dmrt2 morphants were rescued by co-expressing tbx6, 

supporting the hypothesis that dmrt2 is part of this early signaling cascade. A function 

for tbx6 in symmetry breakage had already been reported in mice. tbx6 KO mice 

harbored node ciliogenesis defects and lacked the perinodal signaling (Hadjantonakis 

et al., 2008). It would be interesting, if myf5 or myod1 KO mice show laterality defects 

as well. Surprisingly, the KO of dmrt2 in mice led to disturbed epithelialization and 

differentiation defects of the somites but not to LR defects (Seo et al., 2006; Lourenço 

et al., 2010). We propose that the dmrt2 KO mice have to be evaluated in more detail. 

As the human dmrt2 gene encodes for 6 isoforms that are the result of alternative 

splicing, a bicistronic transcript and the usage of an initial transcriptional start side 

(Ottolenghi et al., 2000), we speculated that even mice could exhibit several isoforms. 

The dmrt2 null KO mice were produced by targeting the DM-Domain in the second 

exon and thereby could still possess some functional isoforms that could be important 

for symmetry breakage.  

Summarizing, there are several indications that strengthening the implication of Dmrt2 

to be part of this tightly controlled early somitogenic pathway in Xenopus. 

 

Dmrt2 could integrate Bmp, Wnt or Notch signaling 

Another scenario could be an interaction with Bone morphogenic protein (Bmp) or Wnt 

signaling. Studies in zebrafish demonstrated, that dmrt2 becomes reciprocally 

regulated by Bmp and Sonic hedgehog (Shh) signaling (Meng et al., 1999). In the early 

Xenopus gastrulae, Bmp generates a dorsoventral gradient that specifies dose-

dependently the mesodermal tissues. Thereby it restricts Wnt8 activity to the 

dorsolateral margins where Wnt8 activates the expression of myf5 in the paraxial 

mesoderm (Dosch et al., 1997, Maroma et al., 1999). Contrary to this, Bmp signaling 

represses myf5 in the ventral mesoderm by inducing vent1 (Dosch et al., 1997; Polli & 
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Amaya 2002). The interaction of Dmrt2 with Bmp or downstream Wnt signaling could 

be necessary for the induction or restriction of myf5 expression to the dorsolateral 

mesoderm. Additionally, short- and long-range signaling of Bmp ligands depends on 

the composition of the extracellular matrix (ECM) (Jones 1996, Dosch et al., 1997; 

Ohkawara et al., 2002). Dmrt2 regulates the expression of ECM proteins in the somites 

of mice. Therefore, it is possible that Dmrt2 indirectly controls the transport of Bmps 

during Xenopus gastrulation or interacts with Bmp signaling in controlling myf5 

expression (Seo et al., 2006). 

A last attractive interplay could occur with the Notch signaling pathway. Like the 

depletion of Dmrt2, disturbing Notch signaling impairs LR determination by ablating 

nodal1 and dand5 expression in the sLRO cells (Raya et al., 2003; Przemeck et al., 

2003; Tavares et al., 2017; Sakano et al., 2010; Krebs et al., 2003; Gourronc et al., 

2007; Lopes et al., 2010; Boskovski et al., 2013 Kitajima et al., 2013). Further, it 

regulates ciliogenesis in the LRO by determining the switch between motile flow 

generating and immotile sensory cilia (Boskovski et al., 2013; Tavares et al., 2017). As 

dmrt5 is a direct Notch target gene in Xenopus (Parlier et al., 2013) it remains to be 

tested if dmrt2 is a Notch target gene as well.  

 

Dmrt2 functions during somitogenesis in vertebrates 

The base of the present work was the identification of the Dmrt2 function during 

laterality determination and somitogenesis in zebrafish. A general contribution of Dmrt2 

in the somitic pathway might be conserved along vertebrates but with different 

regulatory functions. In mice, dmrt2 is specifically expressed in the dermomyotom of 

the somites and represents a downstream target of the basic helix-loop-helix 

transcription factor Tcf15 (also known as Paraxis) and of the paired box transcription 

factor Pax3 (Rowton et al., 2013, Sato et al., 2010). The KO of dmrt2 led to severe 

skeletal malformations which in turn were early lethal as neonates are not able to 

breath (Seo et al., 2006). Related phenotypes were observed in myf5 and tbx6 KO 

mice, implicating that the pathways overlap (Gensch et al., 2008; White et al., 2003). 

Of note, this and the early signaling cascade during paraxial mesoderm patterning in 

Xenopus, strengthening the presumption that Dmrt2, Tbx6 and Myf5 interact in the 

same pathway. 
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In dmrt2 KO mice, the dermomyotom and myotome of the somites, which give rise to 

the dermis and muscles, failed to epithelialize as Laminin1, a component of the ECM, 

was reduced (Seo et al., 2006). This impacted mesenchymal-to-epithelial transition, a 

process that is necessary for somite compartmentalization. Moreover, skeletal 

structures which arise from the sclerotome were strongly impaired in dmrt2 KOs, 

demonstrating that Dmrt2 is able to act cell-autonomously (Seo et al., 2006). This might 

occur by its impact on myf5 in the myotom that has been shown to be a direct Dmrt2 

target gene, which in turn induces the expression of Pdgfa, Fgf2 and Fgf6 ligands that 

act on the sclerotome beneath (Seo et al., 2006; Sato et al., 2010; Tallquist et al., 2000; 

Grass et al., 1996, Fraidenraich et al., 2000).  

In comparison, in zebrafish Dmrt2 seems to regulate the epithelialization of the somites 

as well (Meng et al., 1999) and moreover the synchronized segmentation of the 

paraxial mesoderm into the metameric structure of the somites (Lourenço et al., 2010). 

This process occurs before somite differentiation and starts in a temporal and spatial 

proximity with the transfer of the asymmetric signal into the left LPM. Therefore, and 

as both processes share the same signaling pathways, the protection of the PSM from 

asymmetric signals came into focus. Several studies indicated that this might be 

provided by retinoic acid (RA) in vertebrates (Vermot & Pourquié, 2005; Sirbu & 

Duester, 2006; Brend & Holley, 2009). 

Based on our findings, we suggest, contrary to the hypothesis in zebrafish, that Dmrt2 

is not important for the protection of the somites from asymmetric cues but rather for 

the correct specification of the PSM that takes place much earlier than somite 

segmentation. 

 

The evolution of sLRO cells 

The origin and the ultimate fate of the sLRO cells in other model organisms had been 

less examined. In frog, signals from the Spemann Organizer specify the LRO at the 

onset of gastrulation by patterning the precursor tissue (Glinka et al., 1996; Smith, 

1995; Stubbs et al., 2008; Walentek et al., 2013; Schneider et al. 2019; Vick et al., 

2018). The mechanism that makes the difference between the fgLRO and the sLRO 

cells had not been identified so far. After leftward flow, sensory cells of the Xenops 

LRO ingress into the somites while the fgLRO cells become part of the notochord 

(Shook et al., 2004). Likewise the cells of KV in zebrafish seem to become part of the 
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tail mesoderm e.g. muscles, and notochord (Melby et al., 1996). In contrast, in mice 

the flow-sensing crown cells migrate into the posterior part of the notochord after the 

symmetry breaking event (Yamanaka et al., 2007). A contribution to the somites of 

sLRO cells had only been described for Xenopus so far.  

Interestingly, the nodal and dand5 expressing cells in amphioxus, as well as in 

sauropsida like turtles, geckos and the chick, are part of the PSM (Kajikawa et al., 

2020; Otto et al., 2014). In comparison, in mammals like mice, rabbit, cattle or the pig 

those cells contribute to axial or subchordal mesodermal cells (Schröder et al., 2015). 

This implicated that the origin of the flow-perceiving cells emanates from the PSM, 

which became lost with the evolution of mammals. We speculate that the establishment 

of the bilateral symmetric structure of the somites might represent a possible 

explanation. Nodal signaling regulates the overall asymmetric development in 

amphioxus and blocking of Nodal signaling led to symmetrisation of the embryo 

(Soukup et al., 2015). This is in agreement with studies in vertebrates, where it had 

been demonstrated that the PSM has to be protected from asymmetric cues derived 

from the LRO to form bilateral symmetric somites (Vermot & Pourquié, 2005; Sirbu & 

Duester, 2006; Brend & Holley, 2009). This process seems to be regulated by RA 

signaling that defines somite boarder formation. Of note, manipulating RA signaling in 

amphioxus did not influence somitogenesis (Bertrand et al., 2015), indicating that this 

function arose within vertebrates.  

Based on the current data, we speculate that RA regulates the symmetric formation of 

the somite boarders, but its function in protection from asymmetric cues seems to be 

enigmatic. Further, if a related mechanism might be existent, it seems to be restricted 

to non-mammalian vertebrates for several reasons: The nodal1 and dand5 expressing 

cells in mammals are part of the embryonic midline and do not contribute to the PSM 

like it was identified in other vertebrate model organisms (Schröder et al., 2015; 

Yamanaka et al., 2007; Kajikawa et al., 2020; Otto et al., 2014). As the transfer of the 

asymmetric Nodal signal from the LRO to the LPM is not well characterized, it remains 

if this signal gets in any contact with the PSM in mammals. A recent study in mice 

identified, that Nodal moves towards the LPM by crossing the endodermal cells which 

are tightly apposed to the mouse LRO (Saund et al., 2012). Irrespectively to how Nodal 

becomes transferred to the LPM, the PSM does not respond to Nodal signaling and 

shows no expression of its receptor Cryptic and its downstream co-transcription factor 

Foxh1 (reviewed in Hamada & Tam, 2014), which calls the function of RA into doubt. 
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In addition, a direct interaction of RA with Nodal signaling has not been reported so 

far. Moreover, the hypothesis that RA shields the PSM from asymmetric cues is 

reposed on a few studies. A tightly controlled evaluation of this mechanism would be 

insightful. Studies in Xenopus revealed that RA is important for mesoderm patterning 

in early gastrulae (Janesick et al., 2018). It is of note, that the expression pattern of 

aldh1a2, which is coding for the enzyme that catalyzes the synthesis of RA, resembles 

the expression pattern of myf5 in early gastrulae of Xenopus embryos (Bowes et al., 

2010). The study by Janesick and colleagues demonstrated that RA affects 

somitogenesis much early than the synchronized segmentation takes place. Analysis 

of LR marker genes in RA deficient Xenopus morphants would be helpful to understand 

if RA signaling in Xenopus is associated to symmetry breakage. Interestingly, in mice 

and zebrafish incubations with RA or an RA antagonist, impaired laterality 

determination (Huang et al., 2011; Chazaud et al., 1999). This is in conflict with loss of 

aldh1a2 function experiments in zebrafish and mice that did not impair LR asymmetry 

but somitogenesis (Vermot & Pouquié, 2005; Kawakami et al., 2005). It is conceivable 

that, like in Xenopus, RA regulates paraxial mesoderm patterning in other vertebrates. 

This could depict a possible explanation for the connection between symmetry 

breakage and somitogenesis, as both processes share the same signaling pathways.  

Summarizing, up to now, there are several indications that are contradiction to a RA-

shielding mechanism. Further studies would be insightful to understand the role of RA 

signaling during early development and the evolution of the sLRO cells and 

somitogenesis.  

 

Myf5 specifies sLRO cells downstream of Dmrt2  

The decisive Dmrt2 Myf5 axis in the process of sLRO cell specification is a novelty. 

The angle-wing like expression pattern of myf5 in the early gastrulae flanking the axial 

mesoderm already depicted the position of the future sLRO cells. Of note, this is 

conflicting with the results from Shook and colleagues who showed that the LRO arises 

from the superficial mesoderm only (Shook et al., 2004). The expression of myf5, 

however, is restricted to the deep mesodermal cells underneath the superficial layer 

(not shown) indicating that Myf5 may act non-cell autonomous. The capability of Myf5 

to act non-cell autonomous was previously described in the somites where it induces 

the expression of several ligands like Fgf4, Fgf6 and Pdgfa (plateled-derived growth 
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factor A) in the myotom that act on the sclerotome beneath (Tallquist et al., 2000; Grass 

et al., 1996, Fraidenraich et al., 2000). A related mechanism might be in charge in the 

early gastrulae to engender the specification of sLRO and to separate them from the 

medial flow-generating cells. Additionally, transplantation experiments demonstrated 

that signals from the deep mesoderm are crucial for the specification of the lateral 

sLRO cells (not shown, unpublished observation). 

 

Figure 5: Dmrt2 regulates symmetry breakage and early somitogenesis in Xenopus laevis 

Dmrt2 intervenes in two processes during symmetry breakage. It specifies the LRO by inducing foxj1 in 

the SM that gives rise to the ciliated epithelium of the LRO (left panel). Simultaneously, it activates tbx6 

and myf5 expression in the early gastrulae, leading to the specification of the paraxial mesoderm (right 

panel). This step is important for early myogenesis and somitogenesis as later on the metameric somites 

differentiate and form the muscles and vertebrae of the embryo. Additionally, paraxial mesodermal 

expression of myf5 is important for symmetry breakage. Myf5 induces the lateral flow-sensing cell fate. 

This leads to separation of the sLRO cells from the flow-generating midline cells. This step is important 

since the sLRO are able to recognize the leftward flow and to translate this signal into the activation of 

the Nodal cascade on the left side. N=notochord; S=somites 
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In conclusion, we found that the involvement of dmrt2 during symmetry breakage and 

somitogenesis is conserved in Xenopus. Dmrt2 activates foxj1 and initiates 

ciliogenesis of the LRO (Fig. 5, left panel). The induction of the paraxial mesoderm by 

regulating tbx6 and myf5 expression is important for somitogenesis (Fig. 5, right panel). 

This step is also indispensable for symmetry breakage in Xenopus as the sLRO cell 

fate depends on the activation of myf5. This links early somitogenesis to LR axis 

determination for the first time experimentally.  
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Material & Methods 

Experimental model and subject 

Xenopus laevis was used as model organism for in vivo studies. Frogs were obtained 

from Nasco (901 Janesville Avenue PO Box 901 Fort Atkinson) and were treated in 

accordance to German Regulations and laws approved by the Regional Governement 

Stuttgart. Female frogs were primed with 30-50 units of human chorionic gonadotropin 

(hCG, SigmalAldrich) approximately 3-5 days prior to oviposition. The day prior to 

ovulation, frogs were injected with 300-600 units hCG, depending on weight and size. 

Eggs were collected into a petri dish by carefully squeezing and in vitro fertilized. 

Sperm of male frogs was gained by dissecting of testes.  

 

Microinjection and morpholino sequences 

Microinjections were performed with a volume of 4nl into the left dorsal marginal region 

of 4 and 8-cell stage embryos. Morpholinos (GeneTools) were injected at a 

concentration of 1pMol. 

 

dmrt2-MO: 5’ TGCCTTCATCTCGTACATCTCCAGC 3’ 

myf5-MO: 5’ ACCATCTCCATTCTGAATAGTGCTG 3’ 

 

Primer and cloning of dmrt2 

The probe for dmrt2 was designed by using a forward primer containing the sequence 

of the 5’UTR in the first exon and a reverse primer with the sequence of 4th exon. 

Sequence was cloned into the pGEM T-easy vector system, linearized with SacII and 

synthetic antisense mRNA was transcribed by sp6 RNA polymerase. 

 

Primer for in situ hybridization of dmrt2:  

Forward Primer:  TCCCACCACTAAGGGAACTG  

Reverse Primer:  TTTTCAAGATGTGCCTGCTG 

 

For rescue experiments dmrt2 was cloned into cs2+ vector using the following primers: 

Forward primer: 

ATCGGGATCCTTAGAAATGTATGAAATGAAAGCGCCTGCTGCCCCATCCTCTTC

CTCGT  

Reverse Primer: 

ATCCATCGATGTTACTGACTAGAACGCTTGACTGTTGTTGAGGG  

Plasmid was linearized by SacII and mRNA was transcribed using the InVitrogen 

mMessage mMachine sp6 kit according to user instructions. For rescue experiments 

50 – 100 ng/µg were injected.  
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For the identification of the three dmrt2 isoforms the following primers were used: 

Isoform 1 forward: CAAAGCCCAGCATCACAGAG 

Isoform 1 reverse: TAGGGCTGCTTTGTGACCTC 

Isoform 2 forward: CTCTTCCTCGTCCAACCCTT 

Isoform 2 reverse: TGTACATTGGAGAGGGCAGA 

Isoform 3 forward: ACTTTGTAAGCATGCTGTGTG 
Isoform 3 reverse: TAGGGCTGCTTTGTGACCTC 

 

tbx6 and myf5 constructs 

The tbx6 gain of function construct was a gift from Hideho Uchiyama.  

myf5 in pBSK+ was a gift from Gawantka. For gain of function experiments, myf5 was 

cloned into cs2+ by restriction digest using EcoRI. 

 

myf5 rescue construct was cloned into cs2+ by the following primers: 

Forward primer: ATATCGATATGGAAATGGTTGACAGTTGTCACTTC 
Reverse Primer: ATGGAAATGGTTGACAGTTGTCACTTC 

 

The tbx6 and ther myf5 plamids were linearized with NotI and mRNA transcribed using 

the Invitrogen mMessage mMachine sp6 kit according to user instructions. A 

concentration of 30 ng/µl tbx6 mRNA, 60 ng/µl myf5 mRNA and 50 ng/µl myf5 rescue 

mRNA were used for experiments. 

 

CRISPR/Cas9 genome editing 

CRISPR/Cas9 genome editing was carried out as described in Tingler et al., 2018. 

Embryos were injected at 1-cell stage. 

Sequence for dmrt2 sgRNA:  

TAATACGACTCACTATAGGGCCAGGTGCAGGAACCACGTTTTAGAGCTAGAA 

 

Leftward-fluid flow analysis and immunfluorescence staining  

Immunfluorescence staining and leftward-fluid flow anaylsis was carried out as 

described in Tingler et al., 2018. 
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Figure S1: Expression analysis of dmrt2 during Xenopus development 

RNA in situ hybridization was conducted using a full length dmrt2 probe.  

dmrt2 showed no maternal expression and was first detectable in early gastrula stage embryos in the 

mesoderm surrounding the blastoporus (A). During the course of gastrulation, dmrt2 got restricted to 

the elongating notochord (B) and the intermediate mesoderm attached to the PSM with onset of 

neurulation (C, D). Furthermore expression started in a subset of epidermal cells. Hemi-sections (D’) of 

late neurula stage embryos (D) displayed dmrt2 expression in the posterior part of the notochord. 

Transversal sections demonstrated that the expression was part of the flow-generating LRO cells (D’’). 

At early tailbud stages, dmrt2 was detected in the PSM region and the epidermis (E). In late tailbuds, 
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stage 34 (F) the expression was pronounced to the muscle anlangen, the dermomyotom (F’’), the tail 

organizing center and the proctodaeum (F).  

(G) The genomic structure of dmrt2 consists of 4 exons and 3 introns. By alternative splicing or via an 

alternative transcriptional start site, 3 different isoforms are made. The full length isoform, isoform 1, 

contains all 4 exons with the DNA-binding domain (DM-domain) in exon 2 and the U-domain in exon 4. 

In contrast, the second isoform, isoform 2, has an extended exon 2 with a distinct stop codon. The third 

isoform, isoform 3, has an alternative start-codon in the 4th exon and may lack upstream exons.  

(H) PCR-analysis of oligo-dTT cDNA from st. 33 embryos displayed that all isoforms were expressed in 

Xenopus laevis. Concerning the specific primer we used, we identified a 822bp fragment specific for 

isoform1, a 506bp fragment specific for isoform2 and a 1028bp fragment specific for isoform3. 

a=anterior; d=dorsal; DM=dermomyotom; IM=intermediate mesoderm; ISC=ion-secreting cells; l=left; 

LRO=left-right organizer; MA=muscle anlagen; N=notochord; NT=neural tube; OV=optic vesicle; 

p=posterior; PN=pronephric tubule; PR=proctodaeum; PSM=presomitic mesoderm; r=right; -

RT=without reverse transcriptases; S=somite TOC=tail organizing center; 
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Figure S2: dmrt2 crispants had severe gastrulation defects 

CRISPR/Cas9 mediated genome editing of dmrt2 showed a high cutting efficiency of 90 % but a low KO 

score of 24 % (A). Cultivating crispants to late stages (B) was no possible as they displayed severe 

gastrulation defects (C) in about 75 % of the embryos (D).  

Black line in (A) marks the sequence of the sgRNA. Red dotted line represents the PAM (GGG) 

sequence for Cas9 and the vertical black dotted line the position of the double-strand breakage. 

BCD=blastoporus closure defect; co=control; CRNP=Cas ribonucleoprotein;  
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Figure S3: Early organizer and 

mesodermal marker genes were not 

affected in dmrt2 morphants 

The Spemann Organizer marker genes 

chordin (A) and goosecoid (B) were not 

perturbed in dmrt2 morphants (A’, B’). Also, 

specification of the mesoderm analyzed by 

the expression of tbxt (C) was not influenced 

by the loss of dmrt2 (C’). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4: myf5 and tbx6 are expressed in 

sLRO cells 

In situ hybridization for myf5 (A) and tbx6 (B) 

showed that both were expressed in the 

posterior presomitic mesoderm in neurula stage 

(st. 18) embryos. Transversal sectioning 

demonstrated that myf5 (A’) and tbx6 (B’) 

expression was restricted to the presomitic 

mesoderm, including the lateral sLRO cells. 

cbc=circular blastoporal collar; LRO=left-right 

organizer; sLRO=sensory left-right organizer;  
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Discussion 

The generation of a bilateral symmetric organism requires the correct establishment 

and development of the three main body axes. In Xenopus, the DV-axis is determined 

by the sperm entry point and gets established during gastrulation. This depends on the 

action of the SO that represents the primary body axis signaling center. Gastrulation 

puts the three germ layers in their final position for further differentiation. Therefore, it 

is important that PCP driven gastrulation movements translocate the head organizer 

to the prospective anterior region of the embryo. This allows defined head and tail 

formation and generates the AP axis. Gastrulation also creates the gastrocoelic lumen, 

the place where the left-right organizer (LRO) is established.  

 

The early function of goosecoid: establishment of the dorsoventral and 

anteroposterior axis by intervening with PCP signaling 

Previous studies demonstrated that the loss of gsc function in mice and Xenopus had 

no impact on early developmental processes what compromised the early function of 

gsc in the SO (Rivera-Perez et al., 1995; Yamada et al., 1995; Sander et al., 2007). 

Interestingly, the gsc gain of function (GOF) with a vertebrate construct strongly 

affected gastrulation and neurulation in Xenopus embryos, while Drosophila gsc was 

only capable for primary axis induction (Ulmer 2008, Ulmer 2012). These observations 

elevated the presumption that the vertebrate gsc obtained a new function during 

evolution by regulating PCP signaling. 

In the present study, we could confirm an inhibitory mechanism of Gsc on the PCP 

signaling pathway. Several experimental approaches which included gsc 

misexpression in different tissues that undergo PCP dependent CE demonstrated that 

these processes were inhibited in the presence of Gsc. Keller open face explants failed 

to elongate and blastoporus as well as neural tube closure was compromised. 

Additionally, membrane-recruitment of Dishevelled 2 (Dvl2), an intracellular 

component of the Wnt/PCP pathway, was cell-autonomously inhibited by Gsc, 

demonstrating that Gsc negatively influences PCP signaling. Rescue experiments by 

overexpressing components of the core PCP pathway or by tbxt or wnt11b approved 

this hypothesis. The results further explained late developmental defects seen in gsc 
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morphants in vivo. Depletion of Gsc in Xenopus led to severe head malformations that 

were attributed to prechordal plate (PP) and cartilage defects. This impaired separation 

of the eye field and the elongation and condensation of the ceratohyale and Meckel’s 

cartilage. Recent studies by Blitz and colleagues confirmed these observations in 

Xenopus tropicalis as gsc mutant tadpoles showed a dramatical loss of head structures 

(Blitz et al. 2016). Interestingly, gsc KO mice showed that in the inner ear the PCP 

dependent alignment of the cortical hair cells’ stereocilia was disturbed in a non-cell 

autonomously fashion. Sequence comparison of Gsc from invertebrates and 

vertebrates identified two novel domains. These domains are closely attached to the 

homeodomain (HD) and are vertebrate specific. The function of these domains 

remains unclear but it is likely that they are responsible for the interaction of Gsc with 

the PCP pathway, as these structural and functional features of Gsc arose within 

vertebrates. Analysis if these domains recruit Gsc directly or in combination with 

several co-factors to novel target genes that act upstream or parallel to PCP signaling 

would be insightful.  

This study is in agreement with the early expression pattern of gsc and elucidated its 

early function. At the beginning of gastrulation gsc is expressed in the SO and has an 

short timeframe of overlapping expression with tbxt (Artinger et al., 1997). This rapidly 

changes as Gsc represses tbxt and in turn segregates the axial mesoderm into the 

head (prechordal plate; PP) and trunk (notochord) mesoderm (Artinger et al., 1997; 

Boucher et al., 2000; Latinkic & Smith, 1999). Consequently, Gsc restricts tbxt 

expression to notochord where Tbxt induces the Wnt/PCP ligand wnt11b (Conlon & 

Smith, 1999; Tada & Smith, 2000). This mediates thinning and lengthening of the 

embryo by PCP-mediated CE of the notochord. In contrast, in the gsc-positive cells of 

the PP, PCP signaling is prevented and single cell migration enabled, allowing the AP- 

and DV-axis to form.  

 

Myosin1d links an ancestral symmetry breaking mechanism to the newly 

evolved leftward-flow 

A novel regulator in the field of PCP signaling and LR axis determination is the 

unconventional Myosin1d (Myo1d). Myo1d is an Actin-based motor protein that led to 

disturbed Vangl1 localization and ciliation defects in tracheal and ependymal cells of 

KO rats, demonstrating that Myo1d interacts with PCP signaling (Hegan et al., 2015). 
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Interestingly, in the invertebrate Drosophila melanogaster, mutants of the homologous 

gene myo31df depict laterality defects (Spéder et al., 2006). These observations were 

exiting, as Drosophila represents a basal bilateral symmetric model organism of the 

ecdyosozoa that harbors no leftward-fluid flow and no asymmetric Nodal signaling. The 

arrangement of the inner tubular organs in Drosophila is induced by the intrinsic 

chirality of the actomyosin cytoskeleton that initiates dextral rotation of the genital plate 

and the hindgut (Hozumi et al., 2006; Spéder et al., 2006; Juan et al., 2018).  

In myo1d mutants the counterclockwise sinistral rotation was predominant and led to 

complete situs inversus. This highlighted that myo1d in Drosophila acts like inversin 

(iv) in the mouse and represents the second identified situs inversus gene (Spéder et 

al., 2006). The underlining mechanism requires the interaction of Myo1d with adherens 

junctional components like β-catenin and cadherins that leads to PCP-mediated 

rotation (Spéder et al., 2006; Petzoldt et al., 2012; Gonzáles-Morales et al., 2015).  

Like Drosophila, several model organisms that lack cilia use the cytoskeleton for 

symmetry breakage suggesting an important role for the cytoskeletal organization in 

the ancestral machinery of laterality determination. Predominant examples can be 

found along all phyla and are well studied in snails, annelids or the chick. In the 

freshwater snail Lymnaea stagnalis shell coiling defines the LR body axis. This occurs 

without a classical LRO and is regulated by the cytoskeleton dynamic at early cleavage 

stages (Shibazaki et al., 2004; Kuroda 2014). Maternal formin mRNA might be crucial 

for this dynamics (Davison et al., 2016; Kuroda et al., 2016). Formin interacts with actin 

filaments, orients the spindle apparatus and thereby regulates spiral cleavage between 

the 3rd to 5th cell division (Goode & Eck, 2007; Davison et al., 2016; Kuroda et al., 2016; 

Abe & Kuroda 2019). This determines the handedness of shell coiling later on by 

activating Nodal signaling (Grande & Patel, 2009). In comparison, in birds like the 

chick, symmetry breakage occurs without a cilia-mediated leftward-fluid flow and is 

interceded by leftward rotation of Hensen’s node, the chick LRO (Cui et al., 2009; Gros 

et al., 2009). Even this cellular rearrangement requires a cytoskeleton dynamic that 

leads to the activation of the Nodal signaling cascade on the left-side and determines 

organ chirality in the chick. 

The studies in Drosophila demonstrated that myo1d is a gene of the ancestral 

symmetry breaking mechanism by interacting with the actin cytoskeleton. It is highly 

conserved across the animal kingdom and studying myo1d function during LR 

determination in snails or chick would be of high interest. To achieve insights into a 
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possible conservation of myo1d in laterality determination in vertebrates we asked 

whether myo1d affects organ handedness in Xenopus laevis and interferes with the 

cytoskleton.  

Several loss of function approaches using morpholino-mediated KD and 

CRISPR/Cas9-mediated KO of myo1d in Xenopus confirmed that myo1d acts during 

LR establishment and PCP signaling. Thus Myo1d regulates laterality, which is 

conserved between flies and frogs. The reduction of Myo1d activity strongly impaired 

PCP-mediated processes. Neural tube closure was delayed and the LRO exhibited 

severe morphological defects. The cells of the LRO had an enlarged apical surface 

accompanied by shortened and non-polarized cilia. These morphological defects 

compromised the directionality and velocity of the leftward flow and led to laterality 

defects in morphant tadpoles. Epistatic experiments with the core PCP protein 

VanGogh-like 2 (Vangl2) demonstrated that the defects can be directly linked to an 

interaction of Myo1d with PCP signaling.  

Coincident, studies performed in zebrafish by our collaborator Stephané Noselli 

corroborated our findings further confirming the conservation of myo1d function in 

laterality determination (Juan et al., 2018).  

This work showed that the ancestral symmetry breaking mechanism is evolutionary 

linked to the newly evolved leftward flow by the interaction of Myo1d with the 

cytoskeleton.  

 

Myosin1d and symmetry breakage: a cytoskeletal function in laterality 

determination besides PCP signaling?  

The present study pointed out that laterality defects after myo1d depletion depended 

on defective PCP signaling in Xenopus embryos. Surprisingly, unpublished preliminary 

experiments implicated that this interaction might be secondary for the impairment of 

symmetry breakage. We found that loss of myo1d function strongly disturbed LR-

establishment by specifically targeting the right side of the embryo (Fig. 2A). This is in 

disagreement with PCP signaling as the underlying cause of the observed laterality 

defects as flow on the right side is dispensable for symmetry breakage (Vick et al., 

2009). Additionally a bilateral symmetric pitx2 expression was predominant in myo1d 

morphants, what is atypically for PCP-based laterality disturbance as this leads to 

randomized pitx2 pattern (Antic et al. 2010). We found that embryos with impaired flow, 
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by adding methylcellulose to the archenteron, can be rescued upon left-sided myo1d 

loss of function (Fig. 2B). This strongly implicated, that Myo1d may constitute a second 

flow-dependent target which is repressed like Dand5. It remains open what might be 

the main function of myo1d during LR induction. 

 

 

Figure 2: Myo1d is a leftward-fluid flow target. 

(A) KD of myo1d led to left-right defects regarding the expression of pitx2 in the LPM. A right-sided loss 

of function was more efficient than a left-sided one. There was no difference between targeting the right 

flow-generating fpLRO or the lateral sensory LRO (sLRO) cells. Targeting the fpLRO cells on the left 

side had a weak impact on pitx2, which could be explained by a weak impact on PCP signaling. 

(B) Prevention of left-ward flow by adding methylcellulose (MC) to the archenteron led to loss of pitx2 

expression in the LPM. Simultaneously left-sided loss of myo1d rescued the laterality defects 

fgLRO=flow-generating left-right organizer; MC=methylcellulose; sLRO=sensory left-right organizer; 

Based on our new findings we speculate that a missing link between the ca2+ influx 

and the loss of Dand5 activity is represented by Myo1d. We propose that Myo1d 

transports dand5 mRNA to the apical surface in lateral sLRO cells during preflow 

stages. At the apical side the mRNA of dand5 is translated and the protein becomes 

secreted to the extracellular space. The apical release of Dand5 leads to interaction 

with Nodal1 extracellularly and to prevention of Nodal signaling on the left and right 

side. This situation changes due to the leftward flow. Flow becomes sensed on the left 

margin and leads to ca2+ influx via the ciliary axonem. The ca2+ influx is recognized by 

the second messenger molecule Calmodulin (Cam) that in turn binds to the Myo1d 

light chain that contains two Calmodulin binding motifs (IQ motifs) (Hammer, 1994; 
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Coluccio, 1997). This binding negatively influences the Myo1d function that might 

become inactivated or lead to cytoskeletal rearrangement and consequently to loss of 

apical dand5 transport. Consequently, dand5 mRNA becomes enriched basally and 

apical translation, secretion and extracellular inhibition of Nodal1 is prevented (Fig. 3).  

There are several indications that are in agreement with our model and can support 

this idea. First, we identified, that Myo1d seemed to be repressed flow-dependently. 

Only depletion on the right side led to bilateral symmetric pitx2 expression, while the 

gain of function neither on the left nor on the right side had any impact on laterality 

determination. Moreover, blocking leftward flow that leads to loss of Nodal signaling 

can be rescued by left-sided reduction of Myo1d. 

Next, it was shown in mice that a relocalization of dand5 mRNA in sLRO cells takes 

place and is necessary for symmetry breakage. At pre-flow stages dand5 is distributed 

along the apical membrane in left and right sensory cells. After the leftward flow, the 

localization of dand5 mRNA only on the left side changed and it became enriched 

basally (Nakamura et al., 2012). This allocation might be explained as many mRNAs 

become located and translated closely to the place of action (Wilhelm & Vale, 1993; 

Hesketh, 1996; Kislauskis et al., 1994; Simmonds et al., 2001; St Johnston, 1995; 

Wilkie & Davis, 2001; Mingle et al., 2005). Additionally, apical protein localization of 

Dand5 in the mouse node has been reported (Inácio et al., 2013). That Myosins are 

generally able to transport cargos like proteins or mRNAs, was shown for e.g. the 

Megalin receptor or the actin-related protein 2/3 mRNA (Naccache et al., 2006; 

Hartman & Spudich 2012; Mingle et al., 2005). Finally, myo1d constructs that lack the 

IQ motifs in Drosophila were not able to restore the wildtypic situation in myo1d 

mutants. This demonstrated the necessity of the interaction of Cam with Myo1d to 

regulate its function (Spéder et al., 2006). In addition, the Cam-dependent regulation 

of Myo1d activity was demonstrated for the rat Myo1d in cell culture experiments. Upon 

binding of ca2+-activated Cam to Myo1d the ATPases activity of the Myo1d motor 

domain was inhibited (Köhler et al., 2005). The importance of ca2+ for the regulation of 

Myosin activity was further demonstrated for Myosin1c (Myo1c) in inner hair cells. Due 

to mechanical disruption, the cell tension in these cells changes and ion channels in 

stereocilia induce a ca2+ influx. Myo1c perceives the tension, interacts with adhesion 

proteins leading to closure of the ion channels to provide responsiveness to new 

stimuli. During this process the Myo1c activity itself seems to become regulated 

through its IQ motifs by the ca2+ influx (Siemens et al., 2004; Gillespie & Müller 2009; 
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Hartman et al., 2011; Zadro et al., 2009; Phillips et al., 2006; Adamek et al., 2008 & 

2010). This regulatory mechanism reminds on the situation during flow-sensing in the 

LRO. 

 

 

Figure 3: Leftward-flow leads to Ca2+-dependent inactivation of apical dand5 mRNA transport by 

Myo1d. 

In the case of the symmetry breaking event, Myo1d transports the mRNA of dand5 to the apical surface 

on the right and left-side of the LRO during preflow-stages. Thereby it admits the apical translation and 

secretion of Dand5. In turn, Dand5 represses Nodal1 activity in the extracellular space and prevents 

Nodal signaling. Upon leftward-flow, the bending of cilia on the left side leads to Ca2+ influx and to 

Calmodulin activation. The activated Calmodulin binds to the IQ-motifs of Myo1d and inhibits the 

transport of dand5 mRNA to the apical surface. This leads to basal localization of dand5 mRNA and to 

the loss of apical translation and secretion. Nodal1 is released of repression, becomes transferred to 

left lateral plate mesoderm and induces the expression of pitx2 and thereby asymmetric organ 

morphogenesis. In contrast, Myo1d is still active on the right side and transports the dand5 mRNA to 

the apical surface. As result, Nodal1 is repressed on the right side by Dand5 and the bilateral symmetry 

has broken by left-sided activation of the Nodal cascade. 

 

In summary we were able to show that the function of Myo1d in symmetry breakage is 

conserved across the animal kingdom. Based on our new preliminary findings, it has 
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to be examined in more detail how Myo1d influences symmetry breakage and if this 

occurs by regulating a spacial change of dand5 mRNA. Besides the allocation of 

myo1d as the second identified situs inversus gene in at least Drosophila, we identified 

Myo1d to be the second identified protein whose function is directly flow-dependent. 

Our data affirm the hypothesis that Myo1d connects an ancestral cilia-independent 

mechanism of symmetry breakage to the newly evolved leftward-flow. 

 

Sensory LRO cell fate depends on myf5 downstream of dmrt2  

The mechanism of symmetry breakage in most vertebrates requires a directional 

leftward-fluid flow that becomes sensed by the left marginal cells of the LRO. For the 

translation of this asymmetrically stimuli it is absolutely essential that the lateral 

sensory LRO (sLRO) cells are specified and separated from the flow-generating cells. 

The mechanism behind is less understood and needs further investigations. 

Recent studies identified dmrt2 as another factor to be involved in laterality 

determination and somitogenesis in zebrafish (Meng et al., 1999; Saude et al., 2005). 

That these processes are intertwined has been proposed but how they correlate has 

not been analyzed in more detail. Based on the affiliation of sLRO cells to the somites 

in Xenopus (Shook et al., 2004), it was of high interest if this could link these two 

processes by dmrt2 and provide new insights into the origin and specification of the 

sLRO cells. 

In the present work we showed that the function of Dmrt2 is conserved in Xenopus. 

Depletion of dmrt2 led to frequent laterality defects that could be attributed to a 

complete loss of the nodal1 expression domain within the LRO. Analysis of early 

marker genes depicted that the specification of the SM was disturbed and moreover, 

the patterning of the paraxial mesoderm (PM) that gives rise to the somites was 

strongly affected. The loss of the angle-wing like expression pattern of myf5 in the PM 

in early gastrulae thereby was of high interest, as this patterning could remark the 

prospective position of sLRO cells. Surprisingly, LR defects were rescued up on 

expressing myf5 in dmrt2 morphants so that the nodal1 domain in the LRO was 

restored. Manipulations of myf5 confirmed these results as those siblings mimic the 

dmrt2 LOF phenotype. Besides myf5, also the expression of the t-box gene 

transcription factor 6, tbx6, in the PM was impaired. In turn, co-expressing tbx6 in dmrt2 

morphants rescued myf5 and laterality defects.  
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These results showed that Dmrt2 is part of the early somitogenic signaling pathway in 

Xenopus by specifying the paraxial mesoderm. It highlighted that this process is crucial 

for the symmetry breakage event as it induces the flow-perceiving cells of the LRO. 

Interestingly the emergence of the sLRO cells from the PM seems to be lost during 

evolution as those cells contribute to the notochord or subchordal cells in mammals 

like e.g. mice or rabbit (Schröder et al., 2015). This demonstrates that mammals only 

share the same signaling pathways for both processes while non-mammals further 

share partially the same morphological structures. It remains unclear why the PM cell 

fate of the sLRO was lost during the evolution of mammals. To further understand the 

evolution of sLRO cells and the connection between LR determination and 

somitogenesis, the analysis of the flow-perceiving cells in several vertebrate model 

organisms would be insightful  

Finally, we found dmrt2 to become expressed in three putative isoforms that could act 

stage- and tissue-dependently on regulating target genes in a combinatorial manner. 

The ability of Dmrt proteins to act as monomers, homo- or heterodimers in mice and 

the identification of an feedback loop of dmrt2 in zebrafish suggest a tightly controlled 

interaction network of dmrt2 that needs to be investigated in more detail (Murphy et al., 

2007; Pinto et al., 2018). Of note, the human dmrt2 gene encodes for 6 isoforms that 

are the result of alternative splicing, a bicistronic transcript and an alternatively 

transcriptional start side in the second intronic region. Therefor it is likely that more 

isoforms exist in Xenopus that could be able to regulate or antagonize the function of 

each other (Ottolenghi et al., 2000). We speculate that the identified isoforms of dmrt2 

in Xenopus regulate different processes that could represent a further explanation how 

one gene could affect several developmental processes.  

In summary, this work enlightened a link between somitogenesis and symmetry 

breakage in Xenopus. It showed that the function of dmrt2 is conserved in Xenopus, 

where it regulates the specification of the SM axial and the induction of the lateral PM. 

The lateral downstream activation of myf5 in the PM is important for the specification 

of the flow-perceiving LRO cells. This demonstrated for the first time experimentally 

that early somitogenesis is linked to laterality determination in Xenopus.  
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Conclusion 

The present collection functionally characterized the three conserved genes gsc, 

myo1d and dmrt2 during axis determination in Xenopus laevis.  

The analyzed genes retained their ancestral role during embryonic development and 

moreover in the case of gsc and dmrt2 these genes gained new functions in the light 

of evolution.  

Across the animal kingdom, the organizer gene gsc is able to induce a secondary body 

axis. By the insertion of the two novel domains that arose within vertebrates Gsc 

achieved a novel function in regulating PCP signaling cell- and non-cell autonomously. 

A related modification can be observed for dmrt2. The ancestral function of dmrt2 is 

based on influencing sexual development in invertebrates and vertebrates that is 

provided by the highly conserved DM-domain. With development of the vertebrates, 

dmrt2 attained a novel conserved domain with unknown function. Simultaneously it 

gained the ability to intervene with somitogenesis suggesting that the new structural 

and functional features correlate. In the case of myo1d, this study highlighted that not 

only gene function but also their involvement in developmental processes became 

conserved across the phyla.  
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