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Abstract

Canonical Wnt (cWnt) signaling fulfills critical roles in tissue and cell homeostasis, cell
proliferation, cell fate determination and cancer. Importantly, it is also responsible for the
patterning of the main body axis throughout Metazoa. cWhnt signaling is initiated by binding
of the Wnt ligand to Fz and LRP5/6 on the cell membrane, which represses [3-catenin
degradation and leads to its accumulation in the cell nucleus and transcriptional response.
However, there is a bewildering variety of Wnt ligands and Fz receptors in Metazoa, and
their individual functions are often unknown.

In this PhD thesis, | analyzed the roles of the cWnt signaling components in the axial
patterning of the sea anemone Nematostella vectensis. As a member of the evolutionary
sister group to Bilateria, the Cnidaria, this animal has become a powerful EvoDevo model for
understanding the evolution of the axial patterning and germ layer formation mechanisms.
This is why we wanted to understand the functions of the extremely wide Nematostella Wnt
and Fz complement.

In cell culture, | analyzed preferential binding between all Nematostella Wnt ligands and Fz
receptors. | also performed individual and combined knockdowns of all Wnt and Fz genes to
understand their roles in the germ layer formation and axial patterning in the early embryos
of my model sea anemone. | showed that Wnt/Fz/LRP5/6-mediated signaling is not required
for the endomesoderm specification. This contradicts an accepted view that 3-catenin
signaling plays a conserved role in the definition of the endomesoderm in Cnidaria and
Bilateria. However, strikingly, we showed by tagging the endogenous Nematostella $-catenin
via a CRISPR/Cas9-mediated knock-in that, unlike in Bilateria, endomesoderm specification
happens in the B-catenin-negative domain in Nematostella. In contrast, Wnt/Fz/LRP5/6-
mediated signaling proved to be crucial for the axial patterning. | showed that all four
Nematostella Fz receptors are involved in cWnt signaling and play partially redundant roles
in the axial patterning. | also identified Wnt3 and Wnt4 as the most potent ligands
responsible for the oral-aboral patterning in the early embryo of Nematostella. Finally, |
contributed to the analysis of the patterning logic downstream of cWnt signaling.

Taken together, the results of this PhD significantly expand our understanding of the cWnt-
dependent axial patterning in our model sea anemone and provide important comparative
information. They suggest that cWnt signaling function in the axial patterning likely predated
the cnidarian-bilaterian divergence, while B-catenin-dependent endomesoderm specification
may have emerged as a bilaterian novelty.



Zusammenfassung

Die kanonische Wnt-SignalUbertragung (cWnt) spielt eine entscheidende Rolle bei der
Gewebe- und Zellhombostase, der Zellproliferation, der Bestimmung des Zellschicksals und
bei Krebs. Wichtig ist, dass sie auch fir die Musterbildung der Kdrperachse in Metazoa
verantwortlich ist. Das cWnt-Signal wird durch die Bindung des Wnt-Liganden durch Fz
Rezeptoren und den Co-Rezeptor LRP5/6 an der Zellmembran ausgel6st, was die
Degradation von B-catenin unterdriickt und zu dessen Akkumulation im Zellkern und einer
transkriptionellen Reaktion fuhrt. Allerdings gibt es eine verwirrende Vielfalt von Wnt-
Liganden und Fz-Rezeptoren in Metazoa, und ihre individuellen Funktionen sind oft
unbekannt.

In dieser Dissertation habe ich die Rolle der cWnt-Signalkomponenten bei der axialen
Musterbildung der Seeanemone Nematostella vectensis untersucht. Als Mitglied der
Nesseltiere (Cnidaria), der evolutionaren Schwestergruppe zu Zweiseitentiere (Bilateria), ist
dieses Tier ein wichtiges EvoDevo-Modell fiir die Evolution der Mechanismen der
Achsenmusterbildung und der Keimschichtbildung geworden. Aus diesem Grund wollten wir
die Funktionen des extrem breiten Wnt- und Fz-Komplements von Nematostella besser
verstehen.

In Zellkultur analysierte ich die bevorzugten Bindungspartner zwischen allen Nematostella
Whnt-Liganden und Fz-Rezeptoren. AufRerdem habe ich in Nematostella einzelne und
kombinierte Knockdowns aller Wnt- und Fz-Gene durchgefihrt, um ihre Rolle bei der
Bildung der Keimschicht und der axialen Musterbildung in den friithen Embryonen meiner
Modellseeanemone zu verstehen. Ich konnte zeigen, dass die Wnt/Fz/LRP5/6-vermittelte
SignalUbertragung fur die Endomesoderm-spezifikation nicht erforderlich ist. Dies
widerspricht der gangigen Meinung, dass die (-catenin-Signallibertragung eine konservierte
Rolle bei der Definition des Endomesoderms in Cnidaria und Bilateria spielt. Im Gegensatz
konnten wir durch die Markierung des endogenen B-catenins in Nematostella mittels
CRISPR/Cas9-Knock-in zeigen, dass die Endomesoderm Spezifikation in Nematostella,
anders als bei Bilateria, in der B-catenin-negativen Domane stattfindet. Allerdings erwies
sich das Wnt/Fz/LRP5/6-vermittelte Signal als entscheidend fur die axiale Musterbildung. Ich
zeigte, dass alle vier Fz-Rezeptoren von Nematostella an der cWnt-Signalubertragung
beteiligt sind und teilweise redundante Rollen bei der axialen Musterbildung spielen.
AulRerdem identifizierte ich Wnt3 und Wnt4 als die starksten Liganden, die fur die oral-
aborale Musterung im frihen Embryo von Nematostella verantwortlich sind. SchlieR3lich war
ich an der Analyse der Transkriptionsfaktor basierten Musterbildungslogik beteiligt, die auf
die cWnt-Signalaktivierung an der Membran folgt.

Insgesamt erweitern die Ergebnisse dieser Doktorarbeit unser Verstandnis der cWnt-
abhangigen axialen Musterbildung in unserer Modell-Seeanemone erheblich und liefern
wichtige vergleichende Informationen. Sie deuten darauf hin, dass die Beteiligung des cWnt-
Signals an der axialen Musterbildung wahrscheinlich der evolutiondren Trennung von
Cnidaria und Bilateria vorausging, wéhrend die (3-catenin-abh&ngige Endomesoderm-
Spezifikation als eine Neuheit innerhalb der Bilateria entstanden sein konnte.



Introduction

Axial patterning

Body axes in development

Complex networks of cell signaling pathways drive the appropriate spatiotemporal
arrangement of cells during the development of multicellular organisms. Gene regulatory
networks (GRNSs) coordinate these pathways in the establishment of embryonic body plans
and are governed by mechanochemical cues from the oocyte and environment (Hannezo &
Heisenberg, 2019). Many of the signaling pathways employed by these gene regulatory
networks are highly conserved across Metazoa. The conserved repertoire of cell signaling
pathways which engineer metazoan development encompasses the Notch, TGFf
(Transforming growth factor ), Wnt, Hedgehog, JAK/STAT (Janus kinase/Signal transducer
and activator of transcription), RTK (Receptor tyrosine kinase) and nuclear hormone
signaling pathways (Erwin & Davidson, 2009; Pires-daSilva & Sommer, 2003).

When the body of an organism forms, one of the first emerging features in embryonic
development is an axis running from one given pole to another. This primary axis is the AV
(animal-vegetal) axis of the unfertilized egg (Gilbert, 2000). In the developing zygote it
usually corresponds to the AP (anterior-posterior) and OA (oral-aboral) axes of the
respective organism (Anlas & Trivedi, 2020). Confusingly, this main definitive body axis of
the animal is also called the primary body axis - the term | will also be using below for
simplicity. One of the best-known pathways involved in the primary axis development is
canonical Wnt/B-catenin signaling (cWnt/B-catenin). It is responsible for the formation of the
posterior and patterning of the primary axis (Petersen & Reddien, 2009). It is also a common
feature that Wnt ligand expression is at a maximum at one of the axis poles in early
development, the pole at which gastrulation occurs (Isaeva & Kasyanov, 2021; Petersen &
Reddien, 2009) (Fig. 1.). In bilaterally symmetric organisms such as Bilateria or anthozoan
Cnidaria (sea anemones, corals), a secondary body axis can emerge. In Bilateria, this
secondary axis is called the dorso-ventral (D-V) axis, and it arises simultaneously with the A-
P axis (Beddington & Robertson, 1999). In contrast, in anthozoan Cnidaria the secondary,
“directive” axis arises after the formation of the primary, oral-aboral axis (Genikhovich et al.,
2015). Although both the DV and the directive axis are patterned by BMP (Bone
morphogenetic protein) signaling, it remains disputed whether they are homologous to each
other (Genikhovich et al., 2015; Greenfeld et al., 2021). This thesis, however, will only
consider the primary, cWnt-dependent body axis.
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Figure 1. Wnt expression maxima at the pole of gastrulation is a common theme
across Metazoa. Blue rectangles indicate Wnt expression domains along the A-P axis.
A=anterior, P=posterior, An=animal, V=vegetal, Or=oral, Ab= aboral. Reproduced from
Petersen & Reddien (2009).


https://www.zotero.org/google-docs/?p5Qayo

cWnt in axis development

It has been demonstrated in multiple organisms that manipulation of Wnt and 3-catenin
leads to aberrations of the primary axis (Hikasa & Sokol, 2013; Petersen & Reddien, 2009;
Sumanas et al., 2000; Wylie et al., 2014). Local cWnt signal enhancement commonly results
in formation of ectopic or duplicated axes (McMahon & Moon, 1989; Petersen & Reddien,
2009; Sumanas et al., 2000; Tamai et al., 2000; Wu et al., 2009), whereas a loss-of-function
(LOF) commonly results in the failure to form a viable axis (Huelsken et al., 2000; P. Liu et
al., 1999). In many organisms, the upregulation of 3-catenin signaling leads to a
posteriorized phenotype (Darras et al., 2018; Duffy et al., 2010), whereas the downregulation
of cWnt leads to an anteriorized phenotype (Darras et al., 2018; Iglesias et al., 2008; Loh et
al., 2016; Mao et al., 2001). Axis determination as well as initiation of gastrulation and cell
fate specification often rely on maternally deposited components (Momose et al., 2008;
Swartz et al., 2021; Tao et al., 2005; Vastenhouw et al., 2019), which is also the case for
some cWnt mediated processes. The most well-known axis modulatory and maternally
deposited Wnts are the Xenopus Wntl1 (Tao et al., 2005), zebrafish Wnt8a (Lu et al., 2011),
sea urchin Wnt16 (Martinez-Bartolomé & Range, 2019) and, for cnidarians, CheWnt3 in
Clytia hemispherica (Momose et al., 2008). In Xenopus maternal Wntl1, one of the earliest
Whnts identified as critical to early development (Tao et al., 2005), is positioned vegetally in
the egg, yet post fertilization this Wnt1l1 mRNA moves to the dorsal side and allows for -
catenin stabilization there (Weaver & Kimelman, 2004). Cha et al. (2009) found that
complexes of Wnt5a/Wntl1 are responsible for Xenopus primary axis formation, whereas in
zebrafish maternal Wnt8a was found to play this role (Lu et al., 2011). CheWnt3 is the only
maternally deposited Wnt mRNA in Clytia hemispherica, and it is also the Wnt required for
O-A axis patterning in this animal (Momose et al., 2008). Cell adhesion tension, (i. e.
mechanical stretching) can cue gastrulation and B-catenin signaling as well (Brunet et al.,
2013; Muncie et al., 2021). Mechanosensory modes of axis induction have been
demonstrated in various species, including Nematostella (Pukhlyakova et al., 2018; Schwarz
& Hadjantonakis, 2020). Roper and colleagues (2018) found that mechanical stretching
facilitated access to the highly conserved Src-kinase target site of B-catenin at Tyrosine 654
in mouse, the subsequent phosphorylation of which can trigger 3-catenin nuclearization and
signaling (Brunet et al., 2013; Roper et al., 2018). The other monumental event in body plan
formation, next to the formation of a primary axis, is the specification of the germ layers. In
Bilateria, this refers to the differentiation and development of endo-, meso- and ecto-derm
and in diploblastic metazoa the ecto- and endomesoderm, although other views on the
identities of the cnidarian germ layers exist (Steinmetz et al., 2017). The body axis related
role of cWnt is closely linked to ectodermal regulation, and in many Bilateria it has been
shown that Wnt plays a role in the endodermal development as well (Darras et al., 2011;
Hudson et al., 2013; McCauley et al., 2015; Range et al., 2013). In many organisms, not only
does cWnt demarcate the site of gastrulation, it also regulates the EMT (Epithelial to
Mesenchymal Transition) (Debnath et al., 2021). The exact mechanisms by which cwWnt
regulates endoderm development can vary, depending on organism and tissue context. For
example, in Xenopus, nuclear B-catenin can act together with the transcription factor (TF)
SOX17 to activate endoderm GRNs at certain enhancers yet be suppressed by SOX17 at
other enhancer sites (Mukherjee et al., 2020). In zebrafish, correct SOX2 and Wnt
interactions are responsible for EMT and proper mesoderm formation (Kinney et al., 2020).
B-catenin can act together with some FOX TFs in driving EMT (Zheng et al., 2019) or be
acted upon by other FOX TFs, suppressing EMT (Liu et al., 2015).
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Though individual co-factors and mechanistic function may differ in these contexts, in
Bilateria the general sequence of events of the primary tissue differentiations has been
demonstrated in many organisms (Hudson et al., 2013). Firstly, the split between ectoderm
and endomesoderm takes place; where the ectoderm is characterized by the lack of 3-
catenin nuclearization (Hudson et al., 2013). The endomesoderm is initially defined by [3-
catenin activity which remains active in the endoderm whilst being turned off in the resulting
mesoderm in many phyla (Hudson et al., 2013), with some exceptions (Favarolo & Lopez,
2018).

cWnt outside of early development

cWnt-mediated patterning is not only a key regulator of the establishment and patterning of
the body axes, germ layer formation and other crucial processes during embryogenesis.
Adult tissue homeostasis and repatterning are also driven by it (Pond et al., 2020). Thus,
another avenue of study concerning body axis patterning mediated by cWhnt signaling is that
of regeneration (Warner et al., 2020). There are now numerous studies that have
demonstrated the involvement of cWnt signaling in wound healing and regeneration of
wound induced loss of body parts (Gufler et al., 2018; Hobmayer et al., 2000; Kawakami et
al., 2006; Owlarn & Bartscherer, 2016; Whyte et al., 2012). As is the case in axial patterning,
cWhnit factors promote a posterior identity whilst Wnt-antagonists support anterior identities in
regeneration as well (Duffy et al., 2010; Gurley et al., 2008; Petersen & Reddien, 2008). Wnt
inhibition is presumed to perturb recruitment of cells to the wound blastema, inhibiting
regeneration in various tissues and species, including mammals (Whyte et al., 2012). On the
contrary, overexpression of Wnt in wounding/amputative processes can incur above-average
healing/regenerative processes in tissue which otherwise would not display such
regenerative capacity (Whyte et al., 2012).

Wound infliction triggers Wnt expression. This immediate response can be caused by
hypoxia induced HIF1a (Whyte et al., 2012), MAPK/ERK activation through reactive oxygen
species and Ca+ (Tursch et al., 2022), Hedgehog signaling (De Robertis, 2010), the
triggering of FOX TFs (Scimone et al., 2014) or also through a mechanical mode via wound
constriction (Sinigaglia et al., 2020). Tursch et al. (2022) proposed that the Wnt response is
a positionally independent injury-response, and the consequent regeneration of posterior
versus anterior structures/tissues depends on the inherent B-catenin background level of the
wound-adjacent tissue. Factors proposed to drive cWnt expression in early development,
such as FOX TFs, also appear to drive cWnt in the context of regeneration (Pascual-
Carreras et al., 2023), which is a feature found in the context of cancer as well (Koch, 2021).

The Wnt response is specifically linked to wound induced regeneration. This has been
demonstrated by famous non-injuring amputations, in which the tying off of a body part with
a hair until it becomes detached allows for amputation without severing tissue (Guder et al.,
2006; Newman, 1974). Such studies showed that without an injury stimulus regeneration
was not induced, which is speculated to be due to the epithelium remaining intact (Tursch et
al., 2022).

The proliferative nature of 3-catenin signaling in developmental and regenerative growth is
also reflected by its role in tumor growth and its function as a proto-oncogene (Semaan et
al., 2019; Zhan et al., 2017). cWnt is a major topic in cancer research and there is a wealth
of data showing that mutations in cWnt pathway signaling components are found in many
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studied cancers (Jackstadt et al., 2020). This makes a better understanding of cWnt function
ever more impactful and necessary.

The membrane signaling complex of Wnt, Frizzled and LRP5/6

Wnt

Whnts are secreted lipoglycoproteins which carry numerous cysteines in distinct, highly
conserved patterns which form intra- and intermolecular disulfide bonds critical to their
folding structure and functional activity as ligands (Logan & Nusse, 2004; MacDonald et al.,
2014; Willert et al., 2003; Willert & Nusse, 2012). Their characteristic cysteine-rich
composition renders their resemblance to a hand, made up of an "index finger" and "thumb"
linked by a "palm" (Fig. 2A) (Janda et al., 2012). Wnts undergo multiple post-translational
modifications prior to secretion which further influence their functionality such as the linkage
of palmitate to a conserved serine, which is the characteristic lipid extending from the
"thumb", and glycosylation (Bénziger et al., 2006; Bartscherer et al., 2006; Coombs et al.,
2010; Janda et al., 2012; Kurayoshi et al., 2007; Lu, 2018; Port & Basler, 2010; Takada et
al., 2006; Tang et al., 2012). The palmitoleate of Wnt has been shown to be critical in its
processing, transport and eventual signaling through receptor interaction (Galli et al., 2007;
Komekado et al., 2007; Nile & Hannoush, 2016). Although Wnts are characteristically well
conserved, the linker region between the N-terminal and C-terminal domains is highly
variable across Wnts and is postulated to play a role in conferring differential selectivity and
specificity to the different receptors they interact with (Hirai et al., 2019; Tsutsumi et al.,
2022; Willert & Nusse, 2012).

Although the scheme in Figure 2A shows a highly exposed lipid moiety, in vivo it would
require some shielding from the aqueous environment for Wnts to move away from the cell
they are secreted from to carry out any long range morphogen activity (Mulligan et al., 2012).
This protective feature is postulated to be carried out by potential carriers/chaperones or
membrane interactions in the extracellular environment (McGough et al., 2020; Mulligan et
al., 2012; Willert & Nusse, 2012). The movement in the extracellular environment post-
secretion can be regulated by a multitude of mechanisms, differing by organism and tissue
(Port & Basler, 2010). Studies have shown that HSPGs (Heparan sulfate proteoglycans),
lipoprotein particles, exosomes and cytonemes can carry out the extracellular transport of
Wnt (Mehta et al., 2021).

Next to the many "supportive" partners in the extracellular matrix, Wnts also face an array of
antagonists. WIF (Wnt inhibitory factor) which binds and sequesters Wnts (Poggi et al.,
2018), TIKI, a protease capable of cleaving Wnt N-terminal regions (Zhang et al., 2012) and
Notum, a serine hydrolase, which can remove the palmitoleate (Kakugawa et al., 2015) are
only some of the extracellular modulators secreted Wnts may encounter.
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Figure 2. Wnt ligand structure.

(A) The topology of Wnts. Often the analogy of a hand is used when describing the three-
dimensional structure of Wnts where two hairpins form a "thumb" from which the palmitoleic
acid modification protrudes and a "palm" links it to another hairpin representing an "index-
finger" (Janda et al., 2012; MacDonald et al., 2014). The highly conserved cysteines and
disulfide bonds are indicated by orange dashed lines. The conserved palmitoleic acid at
S209 in hwnt3a and NvWnt3 is indicated by an asterisk. Reproduced from MacDonald et al.
(2014). (B) The AlphaFold (Jumper et al., 2021) prediction of Nematostella Wnt3 using the
AlphaFold ColabFold notebook (Mirdita et al., 2022) with the structure of human Wnt3
deposited in the Protein Data Bank (PDB, Berman et al., 2000) (6AHY, Hirai et al., 2019) in
the top right corner for comparative visual reference.

Frizzled

Frizzled (Fz) receptors are seven-pass transmembrane receptors of the F-family of GPCRs
(Schulte & Bryja, 2007; Schulte & Wright, 2018). Their N-terminal CRD (cysteine rich
domain) holds 10 highly conserved cysteines (Pei & Grishin, 2012) and their intracellular
loops and tail hold interaction sites for the intracellular master regulator Dishevelled
(MacDonald & He, 2012) as well as sites regulating interactions with other signaling co-
factors (such as EGFR) (Grainger et al., 2018). The Fz-determining KTxxxW motif (Fig. 3A)
is essential for cwWnt signal transduction, as any mutation therein abrogates cWnt signaling
(Umbhauer et al., 2000). It is required for Dishevelled sequestration and phosphorylation
(Umbhauer et al., 2000). Fz structures and sequences are highly conserved, apart from the
intrinsically disordered linker region between the membrane and the CRD, which can play a
role in conferring specificity and selectivity (Eubelen et al., 2018; Ko et al., 2022).
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Figure 3. Frizzled receptors.

(A) Domain topology of Fz receptors. The KTxxxW motif in the carboxy-terminal tail is
characteristic of Frizzled receptors and necessary for their cWnt signaling function and
interaction with Dishevelled. CRD: Cysteine rich domain, ECL: Extracellular loop, ICL:
Intracellular loop, C: highly conserved cysteine residues. Reproduced from MacDonald & He
(2012). (B) AlphaFold prediction of Nematostella Fz5. The AlphaFold (Jumper et al., 2021)
prediction of Nematostella Fz5 structure using the AlphaFold ColabFold notebook (Mirdita et
al., 2022). There is no crystal structure of untagged/unmodified Fz deposited in the PDB,
which | could show for comparison.

LRP5/6

The third party in the ternary membrane complex of cWnt signaling is the co-receptor
LRP5/6 (low-density lipoprotein receptor-related protein 5 and 6). It is a large receptor with a
single transmembrane domain and four characteristic extracellular propellers and an
intracellular tail critical for signaling (Fig. 4A) (Brennan et al., 2004; MacDonald et al., 2011;
Metcalfe et al., 2010; Mi & Johnson, 2005; Piao et al., 2008). Although all of the propellers
are YWTD-type B-propellers formed by six YWTD repeats, the sequence similarity across
the four is relatively low, which is presumed to underlie their individual binding specificities to
extracellular modulators and Wnts (Bourhis et al., 2010; Cheng et al., 2011; MacDonald &
He, 2012; Matoba et al., 2017). In 2022 Tsutsumi et al. demonstrated that differences of
binding to either the E1-E2 versus E3-E4 propeller domains of LRP5/6 by distinct Wnts (and
Wnt modulators) (Fig. 4A) was due to the interactions of the linker domain and N-terminus of
Whnits (Fig. 2A) with the LRP6 propellers (Tsutsumi et al., 2022). These linker regions in Wnts
also happen to be less well conserved between different Wnts compared to their otherwise
high conservation (Tsutsumi et al., 2022).
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Figure 4. Structure of LRP5/6 receptors and the proposed trimeric membrane
complex.

(A) Domain topology of the human LRP6 receptor. Wnt1, Wnt2, Wnt2b, Wnt6, Wnt9b
preferentially bind to the PLE1P2E2 region of LRP6 whereas Wnt3, Wnt3a and Dickkopfl
(Dkk1) bind in the P3E3P4E4 region (Raisch et al., 2019). The PPP(S/T)P motif is the
characteristic LRP6 phosphorylation site which interacts with GSK3p and CK1y. S: Signal
peptide, P: Propeller domain, E: EGF-like domain repeat, L: LDLR type A repeat, TM:
Transmembrane domain, CD: Cytoplasmic domain. Reproduced from Raisch et al. (2019).
(B) The membrane complex of bound Wnt-Fz-LRP6, where different Wnts have been shown
to bind in two different regions to LRP6. Wnt8 is shown to bind in the region of the first two
B-propellers, whereas Wnt3 binds in the region of the last two propellers (Tsutsumi et al.,
2022). CRD: Cysteine rich domain. hLRP6: human LRP6, hFzd5: human Fz5, XWnt8:
Xenopus Wnt8, mFzd8: murine Fz8, PDB: Protein Data Bank, 7TM: 7 Transmembrane.
Reproduced from Tsutsumi et al. (2022).
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The canonical and the non-canonical Wnt signaling pathways and the
promiscuity of the signaling components

In canonical Wnt signaling, the "default” state of the cell is the situation when Wnt ligands
are not bound to the receptors. In this case, cytosolic B-catenin is continuously tagged for
degradation by the “destruction complex” composed of APC (Adenomatous polyposis coli),
GSK3p (Glycogen synthase kinase-3 beta), CK1a (Casein kinase 1 alpha) and Axin
(Grainger & Willert, 2018). This tagging is followed by B-TrCP (E3 ubiquitin ligase [3-
transducin repeat-containing protein)-mediated ubiquitination and proteasomal degradation
of B-catenin (Aberle et al., 1997). When a membrane complex of the ligand Wnt, the
receptor Frizzled and the co-receptor LRP5/6 is formed, a series of phosphorylation events
causes the intracellular master regulator Dishevelled to sequester the destruction complex
components at the membrane, thus protecting cytosolic p-catenin from degradation
(Gammons & Bienz, 2018; Willert et al., 1999). B-catenin accumulates in the cytosol without
being ubiquitinated and can be phosphorylated by JNK (c-Jun NH2-terminal kinase) in order
to be translocated into the nucleus (Wu et al., 2008). When B-catenin translocates to the
nucleus and interacts with UBR5, a HECT E3 ubiquitin ligase, it leads to ubiquitination of the
co-repressor Groucho (Flack et al., 2017). This releases TCF (T-cell factor), a nuclear co-
factor of B-catenin, from Groucho and allows (3-catenin to bind TCF and recruit further
proteins constituting the so-called enhanceosome to activate transcription (Flack et al., 2017,
Gammons & Bienz, 2018)(Fig. 5).

Wnt and Fz are starting points of multiple signaling pathways aside from the cWnt/pB-catenin
pathway; termed "non-canonical" signaling. These include the planar cell polarity pathway
(PCP), Wnt-cGMP/Ca+ pathway, Wnt-ROR2-INK, Wnt-YAP/TAZ, Wnt/STOP, Wnt-sPKC,
Wnt-PKA, Wnt-RYK, Wnt-mTOR and more (Fig. 5) (Acebron & Niehrs, 2016; Croce &
McClay, 2008; Garcia de Herreros & Dufach, 2019; Park et al., 2015; Semenov et al., 2007;
Villarroel et al., 2020). Not only are Fz and Wnt involved in multiple pathways, but also their
intracellular effectors, such as Dishevelled, are shared among different cascades (Fig.
5)(Acebron & Niehrs, 2016; Croce & McClay, 2008; Garcia de Herreros & Dufiach, 2019;
Park et al., 2015; Semenov et al., 2007; Villarroel et al., 2020). Cnidarians host a single
Dishevelled whereas additional Dishevelled paralogs can be found in later branching groups
(Dillman et al., 2013). Another key regulator essential in the cWnt as well as other signaling
pathways is GSK3p, one of the destruction-complex components. Its role in the destruction
complex is to phosphorylate B-catenin at T41, S37 and S33 after it has been primed by S45
phosphorylation through CK1a (Wu & Pan, 2010). In cWnt/B3-catenin signaling GSK3's
phosphorylation of LRP5/6's Pro/Ser-rich motifs (PPPSPXS) upon sequestration to the
membrane via its bond with Axin in the destruction complex renders the destruction complex
inactive (Piao et al., 2008; Stamos et al., 2014). The sharing of key intracellular regulators
between the different Wnt signaling pathways is also likely to be important as a means of
cross-regulation between them.
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The hallmark of the canonical Wnt/B-catenin signaling is the use of the co-receptor LRP5/6.
Although the Wnt/LRP6 interaction can lead to events other than the direct influence on 3-
catenin/TCF activity (Acebron & Niehrs, 2016), LRP5/6 is the key component that sets the
most well understood mode of direct cWnt/B-catenin signaling apart from the other pathways
(Garcia de Herreros & Dufiach, 2019). In humans, there are two LRP5/6 paralogs that have
been shown to have the capacity to transduce cWnt signaling; LRP5 and LRP6 (Hua et al.,
2018). In Nematostella there is one LRP5/6. Previously, there was a keenness to group the
different Wnts into canonical vs. non-canonical ligands. This mutual exclusivity however, has
been discredited as the same Wnts can elicit signals in different pathways. For example, the
classically "canonical" Wnt3a was shown to induce both the cWnt/B-catenin as well as the
Wnt/YAP/TAZ pathway, which could also be stimulated by the classically "non-canonical”
Wnt5 (Park et al., 2015). So far, predicting the propensity for one given pathway over the
other through sequence or structural characteristics of individual Wnts has remained elusive
and is likely far more complex and context variant (Willert & Nusse, 2012). However,
bioinformatics approaches at predicting various binding affinities is a promising avenue to
aid and guide this future research (Agostino et al., 2017; Agostino & Pohl, 2019). Even
"intra-pathway" differences in agonistic and/or antagonistic behavior of the same Wnt in the
same context is possible. Taking the same example, Wnt3a induced B-catenin signaling, but
it simultaneously stimulated the YAP pathway resulting in antagonistic downstream effects
on B-catenin signaling through the expression of Dickkopf (Park et al., 2015), which
competes with Wnt3a for a binding site on LRP5/6 (Chen et al., 2011). It is also not feasible
to compartmentalize the Fz receptors exclusively to only one of the pathways as they too
have been shown to hold the capacity of signaling through more than one pathway (Medina
et al., 2000; Rulifson et al., 2000; Y. Wang et al., 2016; Yu et al., 2012). Only Fz3/6,
evolutionarily the most recent Fz innovation, which is not found in invertebrates
(Schenkelaars et al., 2015), appears to be exclusive to the PCP pathway (Wang et al.,
2016).

Although the minimalist scheme of a trimeric complex (Wnt/Fz/LRP5/6) has been the
working model for most cWnt studies, there has been evidence that this too is more
complex. The stoichiometry of the different components is debated (Hua et al., 2018; Nile et
al., 2017). Studies have demonstrated the ability of dimeric receptor complexes to transduce
signals (Chen et al., 2014; Hua et al., 2018) as well as shown that binding of receptors and
ligands without a co-receptor can take place (Schihada et al., 2021). Moreover,
optogenetically-induced oligomerization of LRP6 was shown to be sufficient to activate §3-
catenin without a ligand in HEK293T (human embryonic kidney cells)(Bugaj et al., 2013), a
fact which may be directly relevant to my results below.
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Nematostella cWnt/B-catenin dependent axis formation

Nematostella vectensis as a model organism

Cnidaria are considered the only pre-bilaterian group which has a "full set" of Wnts (Isaeva &
Kasyanov, 2021). Nematostella vectensis is a bilaterally symmetric cnidarian and has
emerged as a useful model to study axial patterning (Genikhovich & Technau, 2017). It can
follow both an asexual (Fig. 6B-C) as well as a sexual reproduction cycle (Fig. 6A). In the
latter, oocytes mature in the female mesenteries before being released into the environment
and fertilized by the sperm. After passing through a hollow blastula stage, the embryo
develops into an invaginating gastrula within 1 day post fertilization (dpf), followed by a
swimming planula stage, which patrtitions its endodermal cell layer into 8 mesenterial
chambers by 4 dpf. Approximately by 7 dpf, the embryo reaches a sessile primary polyp
stage with four primary tentacles. Asexually, adult animals can form another sessile polyp
through transverse fission (“foot pinching” aka. "physal pinching") (Hand & Uhlinger, 1995)
(Fig. 6B) and polarity reversal (Réttinger, 2021) (Fig. 6C).
A
C Sexual reproduction. _

>
| @
Polarity reversal. . “‘gv O blastula

gastrula

planula

polyp

Figure 6. Stages of the Nematostella vectensis lifecycle.

(A) The stages of Nematostella development starting at external fertilization of the egg,
cleavage and formation of the blastula. A gastrula stage is followed by a motile planula and
results in a sessile polyp which matures into an adult. The modes of asexual propagation by
transverse fission through (B) physal pinching or (C) polarity reversal. Figure by Paul Knabl
after Rottinger (2021).

Nematostella vectensis can be cultured in a laboratory setting and the production of eggs

and sperm can be induced through light and temperature cycling (Fritzenwanker & Technau,
2002). The trigger for the asexual reproduction is less well understood. A definitive causal
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event is still unknown and thus far only the presence of sediment to burrow in has been
shown to promote rates of transverse fission in Nematostella (Al-Shaer et al., 2023).

In Nematostella, the primary axis is the oral-aboral axis (O-A) which is patterned by Wnt
signaling (Genikhovich & Technau, 2017). As a member of Anthozoa, the cnidarian class
encompassing bilaterally symmetric Cnidaria, Nematostella possesses a secondary axis, the
so-called directive axis, orthogonal to the O-A axis. Its directive axis patterning is regulated
by BMP signaling (Genikhovich et al., 2015; Genikhovich & Technau, 2017).

Nematostella vectensis cWnt signaling

Nematostella vectensis has representatives of the main four Fz receptor families
(Schenkelaars et al., 2015) and an array of 12 of the 13 Wnt families found in chordates as
well as a WntA, a Wnt lost in vertebrates (Lee et al., 2006; Somorjai et al., 2018). As is the
case in many other organisms, in the early Nematostella embryo, the Wnt expression
maximum lies at the site of gastrulation (Petersen & Reddien, 2009). The expression
domains of the early Wnts emanate from the oral pole in a sequential, partially overlapping
fashion. The aboral domain is free of Wnt expression (Lee et al., 2006). The expression
characteristics of Nematostella Fzs are also reflective of that in other organisms; Fz5 is the
most anteriorly expressed Fz, excluded from the posterior ectoderm and the pole where the
maximum of Wnt ligand expression lies (Darras et al., 2018; Leclére et al., 2016). Only
Fz1/2/7 and Fz5/8 are maternally deposited whereas Fz4 and Fz9/10 are zygotic (Darras et
al., 2018; Leclére et al., 2016; Réttinger et al., 2012; Warner et al., 2018; Wijesena et al.,
2022).

As in many early embryonic stages of Bilaterian models, 3-catenin nuclearization at one side
of the embryo has been shown in Nematostella as well (Kumburegama et al., 2011; Leclére
et al., 2016; Wikramanayake et al., 2003). Nematostella also shows similarities to bilaterian
models concerning the role of B-catenin in organizer function (Kraus et al., 2016). Kraus et
al. (2016) demonstrated a role of Nematostella Wntl and Wnt3 in conferring axial organizer
potential when injected or transplanted. The work by Kraus et al. (2016) also revealed a
dose-dependent behavior of axis marker genes upon 3-catenin signaling manipulation which
laid the groundwork for the research of the following thesis papers. Even earlier in
Nematostella Wnt research, Rigo-Watermeier et al. (2012) found that Nematostella Wnt5a
and Wntl11 followed the concept of "non-canonical" PCP Wnts, and most strikingly,
demonstrated that Nematostlla Wnt11 was able to rescue Xenopus Wnt5a morphants and
Nematostella Wnt5 was able to rescue Xenopus Wntl1l morphants, both in a dose-
dependent manner. Further functional research of NvWnt11 carried out by Ritthaler and
colleagues (2012), however, found no significant axis perturbation in NvwWnt11 Morpholino
(MO) injected samples (Ritthaler, 2012).

Although the structure and sequence of Whnts is highly conserved, their functionality and
expression context can vary quite a lot (Hensel et al., 2014). Even within the group of
Cnidaria, spatial and tissue contexts of Wnt expression across body plans can differ
substantially (Momose et al., 2008). Moreover, it remains unclear, what the specific roles of
such an extensive complement of Wnt ligands and Frizzled receptors is in animals
morphologically as "simple" as cnidarians, and what can it tell us about the evolution of this
signaling pathway. This question led us to formulate the aims of my PhD project.
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Aims of the PhD project

Like in Bilateria, the primary body axis of the anthozoan cnidarian model Nematostella
vectensis is patterned by Wnt signaling. However, the regulatory logic of this patterning
remained unknown by the time | started my project. Moreover, in spite of its very simple
morphology, Nematostella possesses multiple Wnt ligands and Fz receptors, whose
signaling preference and the role in axial patterning was to a very large extent unknown. In
my project | aimed to elucidate the role of the individual cWnt signaling components on the
early development of Nematostella vectensis utilizing in vitro and in vivo approaches. |
addressed the following research questions:

1. Which Fz receptors and Wnt ligands of Nematostella vectensis can signal through
the canonical Wnt/B3-catenin pathway?

Different Wnt and Fz proteins are known to be involved in multiple different signaling
pathways. In my project, | utilized an in vitro reporter system to test all possible ligand-
receptor combinations and analyze their ability to drive TCF-mediated expression. This
guestion is addressed in Chapter I.

2. What is the molecular logic of the O-A patterning in Nematostella, which of the Wnt
ligands and Fz receptors play a role in it, and what is their function?

| used loss-of-function studies to determine the roles of LRP5/6, individual Wnt and Fz
proteins, and of their combinations in regulating O-A axis patterning. | also contributed to the
analysis of the regulatory logic of the O-A patterning downstream of -catenin. These
guestions are addressed in Paper |, published in Development, and Paper I, published in
Nature Communications.

3. Does Wnt/Fz/LRP5/6-mediated B-catenin signaling regulate endomesoderm
specification in Nematostella, or is its function limited to axial patterning?
It has been presumed that sequential involvement of B-catenin signaling in the specification
of the endomesoderm and axial patterning is shared between Cnidaria and Bilateria. We
tested this both by addressing the function of Wnt, Fz and LRP5/6 (see Paper |) and by
direct analysis of the fluorescently tagged endogenous (-catenin described in Paper lll, a
preprint published on bioRxiv.
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Results

Chapter I: Analysis of the Nematostella Wnt-Fz signaling
preferences in cell-culture

The wide array of evolutionarily conserved Wnt ligands and Fz receptors suggests that
preferential binding may exist between some specific ligand-receptor pairs. The hunt for
matching pairs has however not resulted in a clear list of binary binding partners. Some Fz
receptors can bind many of the Wnt ligands, however, with different affinities and varying
efficiency in different cell types, with presence or absence of other cofactors and at different
developmental time points (Dijksterhuis et al., 2014, 2015; Eubelen et al., 2018; Grainger &
Willert, 2018; van Amerongen, 2012). Yet, other Frizzleds are capable of Wnt/3-catenin
signaling only with distinct partners (Voloshanenko et al., 2017).

In an effort to elucidate potential signaling partner selectivity or specificity among
Nematostella Wnt and Frizzled (NvWnt and NvFz) proteins, | emulated previous studies
investigating these relationships in other models. Transfection with the TOPFlash::Luciferase
[-catenin/TCF reporter (Veeman et al., 2003) is one of the most commonly used cell
signaling assays when studying the canonical Wnt/B-catenin pathway and has been
described extensively (Bourhis et al., 2010; Dijksterhuis et al., 2015; Ettenberg et al., 2010;
Eubelen et al., 2018; Gong et al., 2010; Lai et al., 2017; Voloshanenko et al., 2017; Xu et al.,
2004; Yu et al., 2012). This reporter uses the firefly luciferase gene expression driven by 7
TCF binding sites. Since TCF is the nuclear cofactor of B-catenin in canonical Wnt/B-catenin
target gene expression, the luminescence readout, normalized to a co-transfected GFP
(green fluorescent protein) signal, can be used as a measure of active B-catenin
nuclearization and target gene transcription.

Results of the cell culture experiments

Prof. Dr. Vanhollebeke’s lab from the Laboratory of Neurovascular Signaling at the
Université Llibre de Bruxelles has kindly shared their Fz knockout HEK293T (hFz-KO) cell
line with us (Eubelen et al., 2018) allowing us to apply the TOPFlash assays in a HEK293T-
cell context without the confounding signals of endogenous human Fz receptors. |
transfected all possible combinations of the Nematostella Fz receptors, Wnt ligands and
LRP5/6 using concentrations previously used for a similar study with human Wnt and Fz
molecules (Voloshanenko et al., 2017). The expected clear-cut results, however, were not
obtained due to a low signal-to-noise ratio (data not shown). Upon detailed analyses, which |
do not present here, | could conclude that:

1. None of the Nematostella Wnt ligands were capable of inducing notable luciferase
activity when co-transfected with the TOPFlash reporter alone in a Fz-KO
background.

2. None of the Nematostella Fz receptors were capable of inducing notable luciferase
activity when co-transfected with the TOPFlash reporter alone.

3. Overexpression of Nematostella LRP5/6 was sufficient to induce TOPFlash activity
and did not require additional Wnt or Fz expression.
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Thus, the component generating the confounding background noise was NVLRP5/6. The
ability of LRP5/6 to generate a 3-catenin nuclearizing signal through its intracellular tail,
independent of binding to Fz or Wnt extracellularly is a known phenomenon (Mao et al.,
2001; Mi & Johnson, 2005). Thus, the main difficulty was finding and titrating the relative and
appropriate concentrations of the various transfected constructs to obtain interpretable
results. Extensive troubleshooting eventually allowed for useful data collection.

Proof of concept
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Figure 7. Proof of concept experiments show that the TOPFlash reporter assay works
as expected.

(A) Strong TOPFlash reporter activity in hFz-KO cells is observed only upon co-transfection
with human Fz5 and Wntl (hFz5+hWntl) but not in untransfected controls (no Fz, no Wnt),
and not upon individual transfection with either hWntl or hFz5. (B) Co-transfection of hFz5
with Nematostella Wnt1l produces a level of TOPFlash reporter activity comparable to the
one caused by co-transfection of hFz5+hWntl. On (A), the luciferase signal is relative to the
signal produced by the TOPFlash reporter construct transfected alone as baseline set to 1.
On (B), the luciferase signal is relative to the signal produced by the TOPFlash reporter
construct co-transfected with hFz5 as baseline set to 1. RLU: Relative Luciferase Units.

As the initial experiments generated only meaningless data, | used human components to
replicate established TOPFlash signaling readout. As expected, | could show that the basic
principle of the TOPFlash reporter assay worked in my hands when human Wntl and human
Fz5 were used (Fig. 7). Since the hFz-KO cells | was using did not produce any endogenous
Fz, the addition of Wnt did not generate a detectable signal, and transfection of human Fz5
also showed that background endogenous Wnt did not generate a signal close to that of
overexpression through the transfection. Only when both Fz and Wnt were transfected there
was meaningful signal generated (Fig. 7A). Importantly, substituting human Wntl with
Nematostella Wntl in the transfections resulted in comparable levels of reporter activity (Fig.
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7B). This suggests that the lack of signal in the original experiments with Nematostella Wnt
signaling components was not likely due to a defect in the expression and/or secretion of the
Nematostella Wnts by the human expression and secretion machinery (at least in the case
of NvWntl).

The next important control was to show that Nematostella Fz receptors were capable of
transducing a Wnt signal in the human cell. To test that, | co-transfected human Wnt1 with
each of the four Nematostella Fz receptors (Fig. 8). Although the reporter activity was much
lower than in the hFz5-hWntl combination, some reporter activity was observed. The ability
of hwnt1l to signal via the Nematostella Fz showed that the noisy, low intensity signal |
observed in the initial experiments with the Nematostella Wnt, Fz and LRP5/6 was likely not

due to the inability of the human Dishevelled to interact with the intracellular domain of the
Nematostella Fz (Fig. 8).
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Figure 8. human Wntl can generate some TOPFlash signal in a NvFz-only
background.

(A) Human Wntl is able to act through some of the NvFz, even though the signaling
efficiency is much lower in comparison to human Fz5-mediated signal induction. (B) shows
the zoomed in region boxed on (A). The signal of each Fz-hWntl combination is relative to

the signal generated by the respective Fz transfected without hWntl as baseline set to 1.
RLU: Relative Luciferase Units.

Since my earlier results showed that Nematostella LRP5/6 was capable of strongly signaling
alone, the only way to use NVLRP5/6 in all further experiments was to treat the NVLRP5/6
transfection as the baseline. Hence, next, we tested whether an increase in the reporter
activity could be detected once Wnt and Fz were co-transfected with NvVLRP5/6 (Fig. 9). The
assays showed that in the NVvLRP5/6 background, without Fz co-transfection, Wnt co-
transfection did not generate a discernible signal. Co-transfection of human Fz5 generated
some signal, potentially due to the presence of some endogenous human Wnt or due to the
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properties of Fz+LRP5/6 interactions being able to transduce the signal independent of Wnt,
as has been shown previously (Hua et al., 2018; Mao et al., 2001; Mi & Johnson, 2005).
Finally, co-transfection of hFz5 and human or Nematostella Wntl in the NvVLRP5/6
background resulted in an even stronger signal (Fig. 9). However, since both human and
Nematostella Wntl are capable of signaling via hFz5 in the absence of the co-transfected
NVLRP5/6 (Fig. 7B), it is unclear whether NVLRP5/6 was involved in the signaling in this
case.
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Figure 9. Co-transfection of Fz and Wnt with Nematostella LRP5/6 increases reporter
activity. The signal of combined transfections is shown relative to the signal of NvLRP5/6
transfected alone as baseline set to 1. RLU: Relative Luciferase Units.

Nematostella Fz+Wnt assays

Once all the controls described above had been performed and extensive titration of the
relative amounts of the different components to transfect was determined, | was able to start
identifying the ligand-receptor preferences among Nematostella Wnt ligands and Fz
receptors for cWnt signaling. Unfortunately, the experiments had to be interrupted due to the
Sars-CoV2 lockdown, and then finally abandoned due to time constraints. The ligand and
receptor concentrations | used probably required some more adjustment, and the amount of
utilizable data was not extensive enough to apply rigorous statistical testing. However, | have
identified several preferential ligand-receptor pairs, which were later discovered as likely
interaction partners also in the in vivo LOF analyses (see Paper I). The baseline used as
control which all conditions are compared to is the combined NvFz+NvLRP5/6 expression
without NvWnt coexpression. This analysis showed that significant (**p< 0.01) luciferase
signal increase was observed for NvFz5+NvWnt4, NvFz10+NvWnt3, and NvFz10+NvwWnt4
combinations (Fig. 10). If the significance threshold is set to p<0.05, the NvFz1+NvWnt4 and
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NvFz5+NvWntl combinations also showed some significance (*p< 0.05) in the Dunnett test
(Fig. 10).
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Fig.10. Signaling abilities of the different Nematostella ligand - receptor combinations.
To compare many treatment groups to a single control condition, ANOVA followed by a
Dunnett's test was used (Lee & Lee, 2018). All possible NvFz+NvWnt combinations were
tested under the same conditions. Statistically significant signaling (**p< 0.01) was shown for
the NvFz5+NvWnt4 combination (C) and the NvFz10+NvWnt3 and NvFz10+NvWnt4
combinations (D). The NvFz1+NvWnt4 (A) and NvFz5+NvWntl (C) combinations showed
some significance in the Dunnett test (*p< 0.05). NvFz4 did not display any significant
signaling power (B). The RLU signal is shown relative to the respective NvFz+NvLRP5/6
signal as baseline setto 1. RLU: Relative Luciferase Units.

Discussion

The major issue faced in this assay was found to be the capacity of Nematostella LRP5/6 to
signal alone when overexpressed. It has been shown previously that LRP5/6 has the
capacity to elicit Wnt/B-catenin signaling even without a binding ligand or other receptors
(Mao et al., 2001). The extensive troubleshooting it took to reach the expression levels and
Wnt/Fz/LRP5/6 ratios that allowed to elevate "real signaling" above the background signal
hampered the progress of this project.
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In order to further investigate whether the low signaling efficiency was due to inefficient
interaction between the intracellular domains of the Nematostella Fz and LRP5/6 proteins
and human Dishevelled, | generated hybrid constructs for Fz5 and LRP5/6. For LRP5/6, the
extracellular region was that of NvVLRP5/6 whereas the transmembrane domain and
intracellular tail was that of human LRP6. In the Fz5 hybrid, the CRD and extracellular linker
domain were that of NvFz5 whereas, starting from the first intracellular loop onward, the
human Fz5 sequence was used. Due to the Sars-CoV2 lockdown, however, further
systematic testing of these was not possible and this part of the project was abandoned. It
would have been intriguing to research which domains or structural components that differed
between human Fz and Nematostella Fz were responsible for the strong differences in
signal initiation. It would also be interesting to find out, which sequences differing between
the four Nematostella Fzs conferred the respective signal initiation differences by performing
further domain swap experiments. Unfortunately, this was not possible.

Conclusion

My attempt at using the cell culture system and the TOPFlash reporter assay to decipher
Wnt/Fz signhaling partners emulating previous studies allows only limited conclusions since it
had to be abandoned exactly at the time | started obtaining the first interpretable results. A
significant level of TOPFlash signal was only elicited by NvFz5+NvWnt4, NvFz10+NvWnt4
and NvFz10+NvWnt3 combinations. The biological relevance of the NvFz5+NvWnt4 and
NvFz10+NvWnt3 combinations, however, was independently reflected in our in vivo findings
discussed in the following papers.

Materials and Methods

Constructs

In order to allow optimal efficacy of the Nematostella protein translation in the HEK293T
context, we ordered codon-optimized versions of NVLRP5/6, all NvWnt and all NvFz at
GeneArt (ThermoFisher) and had them cloned in a pcDNA3.1+ expression vector
(Invitrogen™, Cat.# V79020). Human Wntl (GenBank accession number: NP_005421.1)
and human Fz5 (GenBank accession number: NP_003459.2) were amplified from HEK293T
cDNA and cloned into the same pcDNA3.1+ vector. For the Luciferase reporter assay, the
reporter M50 Super 7x TOPFlash (Addgene plasmid # 12456) was used. To normalize the
transfection efficiency, pEGFP-N1 plasmid was used (GenBank Accession: U55762;
Clontech).

Transfections

All transfections were carried out using Lipofectamine™ 3000 (Invitrogen™, Cat.#
L3000001). Fz-KO HEK?293T cells (Eubelen et al., 2018) were seeded in 96-well plates at
approximately 30k cells/well in 100 ul DMEM (Dulbecco's Modified Eagle Medium) without
phenol red and 4.5 g/L-glucose, supplemented with 2 mM L-glutamine, 100 U/ml
benzylpenicillin, 100 pg/ml streptomycin and 10% heat-inactivated FBS (fetal bovine serum)
and incubated at 37°C and 5% CO; on the day prior to transfections in order to have
approximately 70-90% confluency at the time of the transfection the following day. Prior to
transfection, the medium was exchanged for serum-free-DMEM (SF-DMEM: as above but
without FBS). Transfections were conducted as described in the Lipofectamine™ 3000
protocol with the exception that SF-DMEM was used instead of Opti-MEM™. The volumes
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which led to optimal transfection were 0.1 pl P3000 reagent™ and 0.1 pl Lipofectamine™
3000 per 35 ng DNA constructs per well. Five hours post-transfection, another media
exchange, this time for standard DMEM (containing 10% FBS) was performed and the cells
were placed back into the incubator for approximately 40 hours. After aspiration of the
supernatant, the cell plates were frozen at -80° for 2 hours. Cells were then thawed at room
temperature and the Luciferase Reporter Assay (Promega, Cat.# E4030) was performed.
The lysis buffer master mix was composed of 4.8 ml ddH20, 1.2 ml Promega 5x Reporter
Lysis Buffer (Promega, Cat.# E3971), 6 pul CoenzymeA and 6 pl DTT. 50 pl of lysis master
mix was added per well and the plate was placed on a plate shaker for 10 minutes. 40 pl of
the cell lysate was transferred to the black 96 well measurement plate and placed on the
plate shaker again for 5 minutes to remove any bubbles prior to placing the plate into the
Tecan Infinite M200Pro plate reader using Luciferin and ATP solutions according to the plate
reader's protocol.

The optimal concentrations of the different constructs per 96-well plate well were as follows:
LRP5/6: 1 ng, Fz: 5 ng, Wnt: 1 ng, M50 Super 7x TOPFlash reporter: 20 ng, eGFP: 4 ng. To
reach the same amount of total DNA constructs per well empty pcDNA3.1+ vector was used.

Data analysis

Plotting and analyses were conducted using the R Statistical language (version 3.6.1; R
Core Team, 2019) on Windows 10 x64 (build 19044), in the RStudio environment
(v1.2.1335, RStudio Team, 2018) using the following packages:

Andri et mult. al. S (2021). DescTools: Tools for Descriptive Statistics. R package version
0.99.41, https://cran.rproject.org/package=DescTools.

Galili T (2021). installr: Using R to Install Stuff on Windows OS (Such As: R, 'Rtools',
'RStudio’, 'Git', and Morel!). R package version 0.23.2,
https://CRAN.Rproject.org/package=installr.

Henry L, Wickham H (2020). purrr: Functional Programming Tools. R package version 0.3.4,
https://CRAN.Rproject.org/package=purrr.

Hgjsgaard S, Halekoh U (2021). doBy: Groupwise Statistics, LSmeans, Linear Contrasts,
Utilities. R package version 4.6.11, https://CRAN.Rproject.org/package=doBy.

Hvitfeldt E (2021). paletteer: Comprehensive Collection of Color Palettes. R package version
1.3.0, https://github.com/EmilHvitfeldt/paletteer.

Kassambara A (2020). ggpubr: 'ggplot2' Based Publication Ready Plots. R package version
0.4.0, https://CRAN.Rproject.org/package=ggpubr.

Kassambara A (2021). rstatix: PipeFriendly Framework for Basic Statistical Tests. R
package version 0.7.0, https://CRAN.Rproject.org/package=rstatix.

Makowski D, Ludecke D, Patil I, Thériault R, BenShachar M, Wiernik B (2023). “Automated
Results Reporting as a Practical Tool to Improve Reproducibility and Methodological
Best Practices Adoption.” CRAN. https://easystats.github.io/report/.

Patil | (2021). “Visualizations with statistical details: The 'ggstatsplot' approach.” Journal of
Open Source Software, *6*(61), 3167. doi: 10.21105/joss.03167,
https://doi.org/10.21105/joss.03167.

Pedersen T (2021). ggforce: Accelerating 'ggplot2'. R package version 0.3.3,
https://CRAN.Rproject.org/package=ggforce.

Pedersen T (2022). patchwork: The Composer of Plots. R package version 1.1.2,
https://CRAN.Rproject.org/package=patchwork.

R Core Team (2019). R: A Language and Environment for Statistical Computing. R
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Sea anemone Frizzled receptors play partially redundant roles in

oral-aboral axis patterning

Isabell Niedermoser'-2, Tatiana Lebedeva'-? and Grigory Genikhovich™*

ABSTRACT

Canonical Wnt (cWnt) signalling is involved in a plethora of basic
developmental processes such as endomesoderm specification,
gastrulation and patterning the main body axis. To activate the signal,
Whnt ligands form complexes with LRP5/6 and Frizzled receptors,
which leads to nuclear translocation of B-catenin and a transcriptional
response. In Bilateria, the expression of different Frizzled genes is
often partially overlapping, and their functions are known to be
redundant in several developmental contexts. Here, we demonstrate
that all four Frizzled receptors take part in the cWnt-mediated oral-
aboral axis patterning in the cnidarian Nematostella vectensis but
show partially redundant functions. However, we do not see evidence
for their involvement in the specification of the endoderm — an earlier
event likely relying on maternal intracellular p-catenin signalling
components. Finally, we demonstrate that the main Wnt ligands
crucial for the early oral-aboral patterning are Wnt1, Wnt3 and Wnt4.
Comparison of our data with knowledge from other models suggests
that distinct but overlapping expression domains and partial
functional redundancy of cnidarian and bilaterian Frizzled genes
may represent a shared ancestral trait.

KEY WORDS: Cnidaria, Nematostella, Axial patterning, Gastrulation

INTRODUCTION

Wnt ligands and their Frizzled (Fz) receptors are involved in
multiple cellular signalling pathways, one of which leads to the
nuclear accumulation of B-catenin and is termed the ‘canonical’
Whnt/B-catenin pathway or the cWnt pathway (MacDonald and He,
2012; van Amerongen and Nusse, 2009). In the ‘cWnt-off” state,
cytosolic B-catenin is continuously tagged for degradation by the
‘destruction complex’ containing APC, Axin, CK1lo and GSK3p
(Grainger and Willert, 2018), ubiquitylated by B-TrCP and degraded
by the proteasome (Aberle et al., 1997). In the “Wnt-on’ state, a
complex of Wnt, Fz and the co-receptor LRP5/6 forms at the
membrane, which results in the sequestering of the destruction
complex by Dishevelled, which, in turn, prevents tagging B-catenin
for degradation (Gammons and Bienz, 2018; Willert et al., 1999).
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Non-tagged B-catenin accumulates in the cytosol and becomes
translocated into the nucleus, where it displaces the transcriptional
co-repressor Groucho and interacts with TCF to activate target
genes (Flack et al.,, 2017). In addition to their role in cWnt
signalling, which is characterized by the involvement of LRP5/6
and the nuclear translocation of B-catenin, Wnt ligands and Fz
receptors are the starting points of multiple ‘non-canonical’
signalling pathways (Acebron and Niehrs, 2016; Croce and
McClay, 2008; Garcia de Herreros and Dufiach, 2019; Park et al.,
2015; Semenov et al., 2007; Villarroel et al., 2020). In mammals,
ten different Fz receptors that make up five families may
demonstrate partially overlapping functions, and the effects of
their individual or combined knockouts are usually attributed to a
mixed action of the abnormal ¢cWnt and non-canonical signalling
(Fischer et al., 2007; Wang et al., 2016). Among the mammalian Fz
receptors, only Fz4 appears to act exclusively in the cWnt pathway,
while Fz3 and Fz6 seem to be exclusively involved in the Wnt/PCP
pathway (Wang et al., 2016).

One of the ancestral roles of the B-catenin signaling is to define
the gastrulation site, as well as to pattern the main body axis in
animals — a feature that appears to be conserved across Metazoa.
Localized expression of the Wnt signalling components along the
main body axis has been documented in the earliest branching
animal lineages such as ctenophores (Pang et al., 2010) and sponges
(Adamska et al., 2010; Leininger et al., 2014). In Cnidaria, the
bilaterian sister group, the role of the cWnt pathway in gastrulation
and oral-aboral (OA) axis patterning has been confirmed by
functional analyses (Kraus et al., 2016; Lebedeva et al., 2021;
Leclere et al., 2016; Marlow et al., 2013; Momose et al., 2008;
Momose and Houliston, 2007; Réttinger et al., 2012;
Wikramanayake et al., 2003). Recently, we demonstrated that the
regulatory logic of the B-catenin-dependent OA patterning in the sea
anemone Nematostella vectensis and the posterior-anterior (PA)
patterning of deuterostome Bilateria is highly similar, suggesting a
common evolutionary origin of the OA and the PA axes (Darras
etal., 2018, 2011; Kiecker and Niehrs, 2001; Lebedeva et al., 2021;
Nordstrom et al., 2002). Although the way Nematostella interprets
different intensities of B-catenin signal is largely understood (Kraus
et al., 2016; Lebedeva et al., 2021), we still have very little idea
about which Wnt ligands and which Fz receptors are involved in the
cWnt-dependent axial patterning in this morphologically simple
model organism. The complement of Wnt and Fz molecules in
Nematostella is surprisingly large. It has representatives of 12 out of
the 13 conserved bilaterian Wnt gene families, only lacking Wnt9,
which has been lost in Cnidaria but is present in the earlier
branching Ctenophora (Kusserow et al., 2005; Lee et al., 2006; Pang
et al., 2010). Nematostella Wnt genes are expressed in staggered
domains along the OA axis, with different Wnt sets transcribed in
the ectoderm and in the endoderm (Kusserow et al., 2005; Lee et al.,
2006). The Nematostella genome also harbours representatives of
four out of five vertebrate Frizzled receptor families, Fz1/2/7 (Fzl in
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the text below), Fz4, Fz5/8 (Fz5 in the text below) and Fz9/10 (Fz10
in the text below), and lacks only Fz3/6, which appears to be
chordate specific (Bastin et al., 2015; Schenkelaars et al., 2015).

In this study, we asked which of the four Fz receptors and the
many Wnt ligands are involved in the cWnt-dependent patterning of
the oral-aboral axis in the Nematostella embryo. As the involvement
of LRP5/6 is the hallmark of the cWnt signalling, we reasoned
that analysing its loss-of-function phenotypes would tell us
which parts of the OA patterning process are under cWnt control,
thus facilitating the interpretation of the Fz loss-of-function
data. We show that the knockdown of LRP5/6 suppresses the
expression of the B-catenin-dependent oral and midbody genes, and
expands aboral molecular identity without affecting endoderm
specification. This results in a loss of the oral structures after
gastrulation and a global expansion of the aboral/anterior molecular
identity — a typical B-catenin loss-of-function phenotype. Individual
knockdowns of the three orally expressed Fz genes do not affect oral
marker gene expression. In contrast, dual- and triple-knockdowns of
all possible Fz gene combinations partially phenocopy the LRP5/6
knockdown, while quadruple Fz gene knockdown replicates it at the
molecular and morphological levels. These data suggest partial
redundancy of the Fz receptors and involvement of all the
Nematostella Fz receptors in cWnt-dependent OA patterning. We
also demonstrate that Wnt1, Wnt3 and Wnt4 are the key Wnt ligands
mediating OA patterning during early development.

RESULTS

Normal expression of the Fz and LRP5/6 genes in
Nematostella

We analysed temporal and spatial expression dynamics of Fz,
LRP5/6 and LRP4/5/6-like in Nematostella embryos and larvae
by interrogating the NVERTx RNA-Seq database (Warner et al.,
2018) and by performing whole-mount in situ hybridization.
Transcriptomics data show that two out of four Fz genes, Fz/ and
Fz5, and LRP5/6 are abundant in the unfertilized egg, and their
expression is maintained at an approximately constant level. In
contrast, the other two Fz genes, Fz4 and FzI0, are zygotic and
become activated around 8 h post-fertilization (hpf) (Fig. S1A).
LRP4/5/6-like (Fig. S1B) is a weakly expressed gene that starts to be
upregulated around 48 hpf; its expression becomes confined to the
forming apical organ (Fig. S1C). Thus, we reasoned that LRP4/5/6-
like is unlikely to be involved in cWnt signalling (at least not before
48 hpf) and did not consider it further.

In situ hybridization analysis of the Fz/, Fz5 and LRP5/6 (Fig. 1)
show the initially ubiquitous distribution of the mRNA before
10 hpf, which then appears to be followed by the formation of a
clearing in the expression that likely corresponds to the future pre-
endodermal plate. At the same time, Fz4 and Fz1(0 expression starts
to be detectable. As the development progresses, a second clearing
in the Fz10 expression domain appears on the putative aboral end,
while Fz5 expression becomes most prominent aborally (see also
Lebedeva et al., 2021; Leclére et al., 2016; Rottinger et al., 2012;
Wijesena et al., 2022). At the onset of gastrulation, FzI, Fz4 and
LRP5/6 are expressed ubiquitously; additionally, LRP5/6 is
becoming ever more prominent in the aboral ectodermal domain.
FzI10 is expressed in the oral and midbody ectoderm, but it also
starts to be strongly expressed in the invaginating endodermal plate.
At late gastrula, a narrow clearing in Fz/ expression starts to appear
between the midbody ectoderm and the aboral ectoderm, and Fz5
acquires an additional expression domain in the aboral endoderm.
During planula development, Fz/ expression forms an oral-to-
aboral gradient with the maximum in the oral ectoderm and oral

endoderm; however, FzI transcript is also detectable in the apical
organ. Fz4 transcription forms a shallow oral-to-aboral gradient in
both germ layers; however, in contrast to Fz1, Fz4 is not expressed
in the apical organ. Fz5 is expressed in an aboral-to-oral gradient
in both cell layers with the ectodermal expression fading out at
the aboral/midbody boundary. Apical organ cells express Fz3
particularly strongly, and there it is co-expressed with Fz/. Strong
Fz10 expression is detectable in the pharyngeal, oral and midbody
ectoderm. Additionally, FzI0 forms an oral-to-aboral gradient of
expression in the endoderm. Finally, LRP5/6 is expressed
ubiquitously; however, apical organ cells appear to produce much
more LRPS5/6, and a shallow aboral-to-oral gradient appears to exist
in the endoderm (Fig. 1).

LRP5/6 knockdown

To assess the role of LRP5/6, we performed shRNA-mediated
knockdowns (KDs, Fig. S2A-C) and characterized their effect on
marker gene expression. We used Brachyury (Bra), Wnt2 and Six3/6
as markers of the oral, midbody and aboral domains, respectively
(Lebedeva et al., 2021; Sinigaglia et al., 2013), Axin as a B-catenin
signalling target gene with broader expression (Kraus et al., 2016;
Lebedeva et al., 2021), as well as several additional markers for
specific areas in the embryo. Notably, the midbody marker Wnt2 is
also positively regulated by B-catenin signalling but it is suppressed
orally by Bra (Lebedeva et al., 2021). At the late gastrula stage
(30 hpf), LRP5/6 RNAI resulted in a strong suppression of the oral
markers Bra, FoxA and FoxB, as well as Axin (Fig. 2, Fig. S3). Wnt2
was reduced and only detectable in the oral domain, while Six3/6
strongly expanded orally and acquired an additional area of
expression in the pharyngeal ectoderm (Fig. 2). The suppression
of the oral ectodermal and the expansion of the aboral ectodermal
domain signature into the oral ectodermal territory persisted into
later developmental stages, even though LRP5/6 expression was re-
established by 3 days post fertilization (dpf) (Fig. S4). Despite
normal gastrulation, oral and pharyngeal structures were later lost,
and by 4 dpf all LRP5/6 RNAi embryos resembled diploblastic
spheres (Fig. 3A). In summary, LRP5/6 RNAi phenocopied the
outcome of dominant-negative Tcf (dnTcf) mRNA overexpression
(Réttinger et al., 2012), and was strikingly similar to the effect of the
combined KD of Bra, Lmx, FoxA and FoxB — the four B-catenin-
dependent transcription factors determining the oral molecular
identity of the embryo (Lebedeva et al., 2021). Thus, LRP5/6 RNAi
resulted in a typical B-catenin loss-of-function phenotype (Leclére
et al, 2016), apart from the obvious fact that the embryos
gastrulated normally, which was also the case in dnTcf
mRNA-injected embryos (Rottinger et al.,, 2012) but, curiously,
not in B-catenin morphants (Leclére et al., 2016) or in embryos
subjected to shRNA-mediated B-catenin RNAi (Karabulut et al.,
2019). Unlike LRP5/6 RNAI and dnTcf overexpression, B-catenin
morpholino injection resulted in a complete suppression of the oral,
midbody and aboral ectoderm markers, and in a ubiquitous
upregulation of the endodermal marker Snail4 (Leclére et al.,
2016). In contrast, pharmacological activation of [-catenin
signalling with azakenpaullone (AZK) starting at fertilization also
blocked gastrulation; however, in this case, Snail4 expression was
abolished, and oral ectoderm markers were expressed ubiquitously
instead (Leclére et al., 2016, see also Fig. 4A). Curiously,
endodermal marker expression, as well as the gastrulation process,
was not affected by AZK treatment if the treatment started after
6 hpf (Fig. 4A), which corresponds to the reported time of the
activation of the zygotic genome (Helm et al., 2013). This suggests
that endoderm specification probably relies on maternally deposited
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Fig. 1. Normal developmental expression of the Fz genes and LRP5/6. From 10 hpf onwards, the animal/oral pole of the embryo is pointing downwards.
In situ hybridization with digoxigenin-labelled RNA probes followed by anti-Dig-AP staining and NBT/BCIP detection. Scale bar: 100 ym.

mRNA and proteins, and occurs before 6 hpf, and that, once
specified, the endoderm becomes insensitive to modulations in
B-catenin signalling at least until late gastrula stage. Moreover,
normal gastrulation and endodermal marker gene expression in
shLRP5/6 embryos (Fig. 4B) raises the possibility that endoderm
specification and the gastrulation movements, although obviously
B-catenin dependent, may not require Wnt/Fz/LRP5/6-mediated
signalling. To address this in more detail, we first asked how soon
the effect of LRP5/6 knockdown started to manifest itself after the
RNA.. Despite clear LRP5/6 suppression as early as 6 hpf, the effect
of LRP5/6 RNAI on the sensitive B-catenin signalling target Bra was
not apparent at 10 hpf, and only became observable at late blastula
(18 hpf) stage (Fig. S5). As this comparatively late manifestation of
the LRP5/6 RNAI effect, rather than endoderm specification and
invagination being Wnt/Fz/LRP5/6-independent, may be the reason
for the difference between the morpholino-mediated B-catenin KD
and the RNAi-mediated LRP5/6 KD, we repeated LRP5/6 KD using
a translation-blocking morpholino (MO, Fig. S2C). By 30 hpf
(late gastrula stage in controls), LRP5/6 MO injection resulted
in a phenotype similar to that of LRP5/6 RNAI, although more
pronounced: not only Bra, but also Wnt2 expression was abolished,
and Six3/6 was expanded throughout the whole ectoderm. In
contrast to LRP5/6 RNAI, gastrulation was delayed in the
morphants; nevertheless, as for RNAI, the specification of the
SnailA-positive, Six3/6-negative pre-endodermal plate took place
normally (Fig. 5A). By 48 hpf, the LRP5/6 MO-injected embryos
remained arrested in gastrulation, demonstrating a miniature
blastopore lip and a slightly submerged endoderm (Fig. 5B). By
4 dpf, LRP5/6 morphants displayed the same ‘bi-layered aboralized
sphere’ phenotypes as the LRP5/6 RNAi embryos (Figs 3A and
5B). Both RNAi- and MO-mediated knockdown clearly show that
LRP5/6 is required for the cWnt-mediated patterning of the
ectoderm in Nematostella. The conspicuous lack of endodermal
mesenteries in the 4 dpf LRP5/6 RNAi and morphant embryos is a
clear sign of the disrupted BMP signalling resulting in the loss of the
second, ‘directive’ body axis (Genikhovich et al., 2015; Leclere and

Rentzsch, 2014). Previously, we have demonstrated that B-catenin is
required for the onset of the expression of BMP2/4 and Chordin —
the core components of the BMP signalling network in
Nematostella (Genikhovich et al., 2015; Kirillova et al., 2018;
Saina et al., 2009). Surprisingly, upon LRP5/6 RNAI, the directive
axis is formed, but later lost, as evidenced by Chordin expression,
which is initially normal and bilaterally symmetric at the gastrula
stage, but disappears by 3 dpf (Fig. S6). In summary, we conclude
that LRP5/6 is required for the B-catenin-dependent patterning of
the ectoderm along the OA axis, and for the maintenance of the
directive axis, but we do not find evidence of its involvement in the
specification of the endoderm.

Knockdown of Fz receptors
In contrast to Fz5 RNAI, which reproduced the Fz5 morpholino
knockdown phenotype published earlier (Leclére et al., 2016; this
paper), individual RNAi of FzI, Fz4 and FzI0 did not result in
changes in the Bra, Wnt2, Six3/6 and Axin expression (Fig. S7). The
Fz5 RNAI phenotype was similar to that of LRP5/6 RNAI, with the
aboral, Six3/6-expressing domain expanded, and the midbody
Wnt2-expressing domain constricted towards the oral pole (Fig. 2).
However, in contrast to LRP5/6 RNAI, oral markers Bra, FoxA and
FoxB were not affected by Fz5 RNAI, and only the midbody
expression of Axin was suppressed, while oral expression was
retained (Fig. 2, Fig. S3). Endodermal expression of Snaild, ERG
and Fz10 was also not affected by any of the Fz RNAi knockdowns,
except for Fz/0 expression, which, naturally, was abolished upon
FzI10 RNAI (Fig. 4B). Individual Fz gene RNAI did not lead to
significant morphological defects apart from a slight gastrulation
delay in Fz/ and FzI0 RNAI, and a previously reported slight
shortening of the OA axis in Fz5 RNAi (Leclere et al., 2016). By
4 dpf, the KD embryos developed eight normal mesenteries
(Fig. 3B).

Surprisingly, these results contradicted the recently published
FzI and Fz10 KD phenotypes (Wijesena et al., 2022). In this paper,
the authors stated that overexpression of the dominant-negative
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Fig. 2. Effects of RNAi-mediated KD of LRP5/6 and Fz5, as well as triple and quadruple Fz gene KD combinations on the expression of the p-catenin-
dependent markers of different axial domains in the 30 hpf late gastrula. To keep the row labels readable, simultaneous RNAI of, for example, Fz1, Fz5 and
Fz10is marked as shFz4+Fz5+Fz10 rather than shFz4+shFz5+shFz10. The same labelling convention applies to all the other figures showing simultaneous KDs.
Orange arrows indicate the direction of the drastic expression shifts. There is curious asymmetric expression of Bra and Wnt2 upon Fz4+Fz5+Fz10 RNAI,
indicating possible abnormal feedback from the directive axis patterning mechanism. Black arrows indicate the ring of stronger Bra expression in the midbody and
the aboral expansion of Wnt2 domain, suggesting an ectopic enhancement of the p-catenin signalling. The numbers in the top right corners show the fraction of
embryos demonstrating this phenotype. Scale bar: 100 ym. For each gene, lateral views (oral end down) are on the left and oral (or aboral in the case of Six3/6)
views are on the right. In situ hybridization with digoxigenin-labelled RNA probes followed by anti-Dig-AP staining and NBT/BCIP detection.

form of Fzl (dnFzI) caused oral expansion of Fz3, suppression of
FoxA in the blastopore lip, and the loss of the endodermal
expression of Snail4 and FzI0 without interfering with the
gastrulation process. In contrast, their Fz10 morpholino injection
suppressed endoderm invagination without affecting Snail4. This
latter result was somewhat surprising, as the disappearance of Fz10
expression Wijesena et al. observed upon Fz/ KD did not lead to a
gastrulation failure. These results led the authors to conclude that
Fzl was controlling the cWnt-dependent specification of the
endoderm, while Fz10 was regulating the non-canonical Wnt-
dependent endoderm invagination (Wijesena et al., 2022).
Remembering the more pronounced effect of morpholino-
mediated LRP5/6 KD in comparison with RNAi, we repeated
individual FzI, Fz4 and Fz10 KD using the FzZIMO, Fz4MO and

Fz10MO (Fig. 5, Fig. S2D). Similar to the RNAi result, FzZIMO and
Fz4MO injection did not lead to changes in the expression of the
oral, midbody, aboral and endodermal markers (Fig. SA). In our
hands, the overexpression of dnFzI-mCherry mRNA also did not
cause any change in Bra, Wnt2, Six3/6 and SnailA expression
(Fig. S8), similar to the Fz/ RNAi and FzZIMO KD. In contrast,
Fz10 morpholino injection led to a delay in gastrulation without
affecting Bra, Wnt2, Six3/6 and SnailA expression (Fig. 5A). By
48 hpf, FzZ10MO morphants completed invagination, although their
endoderm still looked irregular and they had open blastopores
(Fig. 5B). Their morphology mostly normalized by 96 hpf, with the
only deviation being the lower number of mesenteries suggesting
developmental delay or, potentially, problems with integrating the
oral-aboral and the directive axis patterning (Fig. 5B). Thus, it is
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Fig. 3. Effects of the RNAi-mediated KD of LRP5/6, Fz genes and the
Wnt3/Wnt4 combination on the later development of the embryo. (A-D)
Effects of the KD of LRP5/6 (A), of individual Fz genes (B), of triple and
quadruple Fz gene KDs (C), and of the double KD of Wnt3 and Wnt4 (D). 4 dpf
embryos are stained using phalloidin-AlexaFluor488 to visualize actin
filaments. Scale bars: 100 um. In the lateral views, the oral end points
downwards.

likely that Fz10 plays a role in regulating gastrulation; however, the
similarity of the effect of Fz10 and LRP5/6 morpholino KD on
the overall morphology of the gastrula raises the possibility that the
gastrulation delay may be caused by the cWnt signalling-related
defect. The proposed role of Fz10 in mediating non-canonical
Wht signalling cannot be excluded and has to be directly assessed in
the future; however, we do not find clear support for the ‘Fz1 for
cWnt and endoderm specification versus Fz10 for non-canonical

Wnt signalling and endoderm invagination” distinction proposed
previously (Wijesena et al., 2022).

As individual RNAi of the orally expressed Fz genes did not elicit
an effect, we presumed that they might be partially or completely
redundant at the gastrula stage, and performed simultaneous RNAi
of all possible combinations of two, three or four Frizzleds. Double
Fz gene knockdowns showed effects on marker genes only if shFz5
was in the mix, and recapitulated the individual Fz5 KD (Fig. S7). In
triple RNAI, a B-catenin loss-of-function phenotype similar to the
LRP5/6 RNAI started to emerge in some cases, most notably in the
Fz4+Fz5+Fz10 combination (Fig. 2). Simultaneous RNAi of
FzI+Fz4+Fz10 resulted in a curious phenotype, which we are
currently unable to explain: expression of Bra and Axin at the oral
end of the gastrula became weaker, and a narrow ring of relatively
strong Bra expression and a wider ring of strong Axin expression
appeared in the midbody of the gastrula, suggesting stronger than
usual B-catenin signalling in this area. This occurred concomitantly
with the aboral expansion of the Wnt2 domain and reduction of the
Six3/6 domain. Wnt2 expression in this case was strongest in an area
located between the Bra-expressing ring in the midbody and the
diminished Six3/6 expression domain (Fig. 2). In spite of the
prominent effects at the gastrula stage, triple Fz gene RNAi embryos
formed eight mesenteries by 4 dpf, although the mesenteries in the
shFz4+Fz5+Fz10 combination always looked somewhat irregular
(Fig. 3C). Finally, quadruple RNAi of all four Fz receptors
phenocopied LRP5/6 RNAi at the molecular as well as at the
morphological level (Figs 2 and 3A,C). Taken together, we show
that three orally expressed Fz receptors play a partially redundant
function in the OA axis patterning of the Nematostella gastrula. The
fact that only combined RNAI of all four Fz receptors phenocopies
the LRP5/6 knockdown at the molecular and morphological level
hints towards the involvement of all Nematostella Fz proteins in the
LRP5/6-mediated cWnt signalling. We do not find evidence that
endoderm specification depends on LRP5/6/Fz-mediated B-catenin
signalling.

Knockdown of Wnt ligands

Whnt genes of Nematostella are expressed in staggered domains along
the OA axis (Kusserow et al., 2005; Lee et al., 2006); however, their
individual roles in OA patterning are still unclear. We have shown
previously that co-expression of two Wnt genes, Wntl and Wni3,
was sufficient to convey axial organizer capacity to any area of the
Nematostella gastrula ectoderm, while other early Wnt ligands failed
to elicit this effect (Kirillova et al., 2018; Kraus et al., 2016).
However, even for Wntl and Wnt3, the possible role in axial
patterning was not analysed. In order to achieve some indication of
which Wnt ligands might be involved in transmitting the signals
patterning the Nematostella ectoderm along the OA axis, we
analysed the loss-of-function phenotypes of all the Wnt genes
expressed in the early embryo of Nematostella. The following Wnt
genes are active in the embryo at or before gastrula stage: Wntl,
Wnt2, Wnt3, Wnt4, Wnt5, Wnt8a and WntA (Fig. S9). RNAi of Wnt5,
which was not very efficient with both shRNAs we used, and WntA
did not elicit any noticeable effect on the expression of Bra, Wnt2
and Six3/6 in the gastrula. RNAI of the orally expressed Wntl and,
even more prominently, of Wnt3 resulted in a reduction of the
expression of the oral marker Bra and its expansion to the bottom of
the pharynx (Fig. 6A, Fig. S10) — a phenotype similar to the KD
effect of one of the four key regulators of the oral molecular identity:
FoxB (Lebedeva et al., 2021). RNAIi of Wnt2 and Wnt8a, which are
normally expressed in the midbody domain, resulted in the moderate
oral expansion of the aboral marker Six3/6, while the KD of the
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Fig. 4. Endoderm specification is an early event that does not seem to depend on Fz and LRP5/6. (A) Identification of the time of endoderm
specification. Lateral views of 30 hpf embryos, oral end downwards. (B) Endodermal marker expression is not affected by the KD of LRP5/6 or by knockdown
of individual Fz genes. The numbers in the top right corners show the fraction of embryos showing this phenotype. For each gene, lateral views (oral end
down) are at the top and oral (or aboral in the case of Six3/6) views are at the bottom. All embryos are late gastrulae at 30 hpf. Scale bars: 100 ym. In situ
hybridization with digoxigenin-labelled RNA probes followed by anti-Dig-AP staining and NBT/BCIP detection.

orally expressed Wnt4 led to a strong aboralization of the embryo
comparable with the effect of Fz5 KD (Fig. 6A). None of the RNAIi-
mediated Wnt KDs affected SnailA expression (data not shown) or
gastrulation. In spite of the oral-aboral marker expression changes we
observed at 30 hpf in several individual Wnt KDs, the embryos
appeared to have regulated their development by 4 dpf, building
normal pharynges and mesenteries (Fig. S11).

Next, we tested whether concomitant knockdowns of the
individual Fz receptors would lead to a synergistic effect with any
of the Wnt genes, which showed an oral-aboral phenotype at 30 hpf
upon individual KDs (Fig. 6B, Fig. S12). Simultaneous KD of Wnt3
with individual Fz receptor genes showed a more prominent
reduction in the expression of the oral marker Bra than Wnt3 KD
alone in all combinations. However, this effect was strongest in the
shWnt3+Fz10 and the shWnt3+Fz5 combinations. A similar,
although slightly weaker, effect was observed in the shWntl+Fz
combinations (Fig. S12). When shWnt4+Fz combinations were
tested, the effects were even more noticeable. Oral expression of Bra
was reduced in all shWnt4+Fz combinations in comparison with
Wnt4 RNAI alone. The aboralization of the embryo characteristic
for the Wnt4 KD was observed in all combinations; however,
simultaneous KD of Wnt4 and Fz5 resulted in a more extensive
aboralization than that observed upon individual KDs of Wnt4 or
Fz5, suggesting Fz5 as a highly probable interaction partner for
Wnt4 — a hypothesis that can be tested by biochemical analyses in
the future. Other shWnt+Fz double KDs did not lead to a noticeable
synergistic effect (Fig. S12). Finally, we tested the result of the
double KD of different Wnt genes. The strongest synergistic effect
was observed in the shWnt3+Wnt4 and (to a slightly lesser degree)
in the shWnt1+Wnt4 combination. Similar to the LRP5/6 KD and

the combined KD of all Fz receptors, shWnt3+Wnt4, as well as
shWnt1+Wnt4, resulted in a strong aboralization of the gastrula, and
loss of the oral structures and mesenteries by 4 dpf (Figs 3D and 6C,
Figs S13, S14). Thus, we conclude that Wntl, Wnt3 and Wnt4 are
required for the LRP5/6/Fz-dependent OA patterning, and for the
maintenance of the directive axis in Nematostella.

DISCUSSION
The role of Wnt/Fz-mediated signalling in development and disease
is difficult to overestimate; however, the variety of signalling
pathways that may be activated by a Wnt-Fz interaction makes such
investigation highly challenging. The initial hope that a multitude of
vertebrate Fz receptors and a corresponding multitude of Wnt
ligands would fall into an orderly system of signalling partnerships
was not supported by the data. Phylogenetic analyses showed that
the large diversity of the conserved Wnt gene families in Planulozoa
(CnidariatBilateria) is much more ancient than the Fz gene
diversity found in vertebrates (Kusserow et al., 2005). Instead,
non-vertebrate planulozoans normally have four Fz genes: Fz1/2/7,
Fz4, Fz5/8 and Fz9/10, which have to cope with all the various Wnt
ligands (Bastin et al., 2015; Janssen et al., 2015; Qian et al., 2013;
Robert et al., 2014; Wijesena et al., 2022). Work on bilaterian —
mostly vertebrate — models demonstrated partial redundancy of Fz
receptors, as well as the involvement of the same receptors in both
the cWnt and the non-canonical Wnt signalling (Bhat, 1998; Dong
et al., 2018; Fischer et al., 2007; Voloshanenko et al., 2017; Wang
et al., 2016; Yu et al., 2012).

One of the Wnt-mediated signalling pathways, the cWnt or Wnt/
B-catenin pathway, appears to be the oldest axial patterning system
present in animals. cWnt pathway involvement in the patterning of
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Fig. 5. Effect of the morpholino-mediated KD of LRP5/6 and orally expressed Fz genes on the early development of Nematostella. (A) Effect of the
knockdowns on the expression of the markers of the distinct axial domains in the ectoderm and on the expression of the endodermal marker SnailA. In situ
hybridization with digoxigenin-labelled RNA probes followed by anti-Dig-AP staining and NBT/BCIP detection. All embryos are fixed at 30 hpf. The numbers
in the top right corners show the fractions of embryos demonstrating this phenotype. Scale bar: 100 ym. Lateral views, oral end downwards. The inset image
of an oral view of the LRP5/6 morphant stained for Six3/6 shows that the pre-endodermal plate does not express Six3/6. (B) Effects of the LRP5/6 and Fz10
morpholino KDs on the later development of the embryos. Phalloidin staining of the 2 dpf and 4 dpf planulae. Scale bars: 100 pm.

the PA axis of Bilateria and the OA axis of Cnidaria has been
convincingly demonstrated functionally during the past 30 years
(Darrasetal., 2018,2011; Fuetal., 2012; Kiecker and Niehrs, 2001;
Kraus et al., 2016; Lebedeva et al., 2021; Marlow et al., 2013;
McCauley et al., 2015; Nordstrom et al., 2002; Priihs et al., 2017,
Range et al., 2013), and expression data suggest that cWnt may also
be responsible for axial patterning in the earlier branching
ctenophores and sponges (Leininger et al., 2014; Pang et al.,
2010). Another ancestral developmental function of B-catenin
appears to be the definition of the endomesodermal and,
subsequently, the endodermal domain during germ layer
specification in Bilateria and Cnidaria (Henry et al., 2008; Leclere
etal.,2016; Lhomond et al., 2012; Logan et al., 1999; Martin-Duran
et al., 2016; Momose et al., 2008; Momose and Houliston, 2007;
Wikramanayake et al., 2003). Among cnidarians, the role of Fz-
mediated signalling in gastrulation and OA patterning has been
addressed in a hydroid Clytia hemisphaerica. There, two Fz
mRNAs, CheFzI (Fz1/2/7 ortholog) and ChFz3 (Fz9/10 ortholog),
are maternally localized to the animal and the vegetal hemispheres
of the egg, respectively, and appear to have opposing functions.
CheFzl KD results in a delayed endoderm formation and
suppression of the animal/oral marker gene expression, while

CheFz3 KD leads to the oralization of the embryo, abolishes
vegetal/aboral marker genes and accelerates the ingression of the
endodermal cells (Momose and Houliston, 2007). CheFzI is also
reported to be involved in the Strabismus/Dishevelled-mediated
embryo elongation in Clytia, suggesting that CheFz1 is active in the
cWnt as well as in the Wnt/PCP pathways (Momose et al., 2012).
CheWnt3 (Wnt3 ortholog), the mRNA of which is maternally
localized to the animal pole, appears to be the key ligand responsible
for the oralization, likely by signalling via CheFz1 (Momose et al.,
2008). This mode of regulation, however, does not recapitulate the
situation we observed in the anthozoan cnidarian model
Nematostella vectensis. In Nematostella, FzI1, Fz5 and LRP5/6
mRNAs are maternally deposited; however, these mRNAs are
evenly distributed throughout the egg. Fz gene expression during
early development is in partially overlapping domains, and it
roughly recapitulates the expression of Fz genes in sea urchin
embryos of comparable stages (Robert et al., 2014). With the
possible expression of Wnt5, which shows some maternal transcript
(Fig. S9), Nematostella Wnt genes, Fz4 and FzI0 are zygotically
expressed. Proteomics data indicate that, among the four Fz
receptors, LRP5/6 and all Wnt ligands, only Fz5 protein is
detectable in the Nematostella egg, early cleavage and blastula
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stage embryos (Levitan et al, 2015). Our AZK treatment
experiments suggest that f-catenin-dependent specification of the
future pre-endodermal plate is an early event that occurs before the
onset of the zygotic transcription around 6 hpf, and is thus likely to
rely on maternally deposited molecules. We observed normal
endoderm invagination, normal expression of the endodermal
markers Snail4 and ERG (Fig. 4B), which are negatively controlled
by PB-catenin, and the lack of the expression of the B-catenin
signalling targets such as Bra in the endoderm of the embryos
treated with AZK after 6 hpf (Lebedeva et al., 2021). This indicates
that, after being specified, the future endoderm becomes insensitive
to the modulation of the B-catenin signalling intensity. Moreover,
normal endoderm specification upon RNAi and morpholino
knockdowns of the maternally deposited LRP5/6, FzI and Fz5

suggest that this process may not require Fz/LRP5/6-mediated
signalling but relies on the cytoplasmic components of the B-catenin
signalling pathway. Because currently we cannot fully exclude the
possibility that some LRP5/6 and Wnt protein remained undetected
in all the proteomic datasets (Levitan et al., 2015) or that their
translation from maternal mRNA was not sufficiently suppressed in
our KDs, additional genetic work will be required. In the future,
generation and incrossing of the B-catenin™'~ and LRP5/6%Y~
knockout lines will allow us to definitively answer the question of
whether or not endoderm specification relies on maternal B-catenin
and is LRP5/6 independent, as our data currently seem to suggest.
The gastrulation delay in LRP5/6 morphants also indicates the likely
involvement of LRP5/6-mediated B-catenin signalling in the
process of gastrulation.
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In echinoderms, the early B-catenin-dependent specification of
the endomesodermal domain is followed by the segregation of the
endoderm from the mesoderm, and the subsequent Wnt-dependent
PA patterning. In the endoderm, B-catenin signalling remains
strong, while in the mesoderm B-catenin signalling becomes
suppressed (Lhomond et al., 2012; Logan et al., 1999; McCauley
et al., 2015; McClay et al., 2021; Range et al., 2013; Sun et al.,
2021; Wikramanayake et al., 1998, 2004). A similar sequence of
events — the early B-catenin-dependent definition of the future
endodermal domain, the formation of the boundary between the
B-catenin-sensitive future oral ectoderm and the B-catenin-
insensitive future endoderm — and the subsequent Wnt-dependent
OA patterning of the ectoderm also occurs in Nematostella, and
these events seem to follow the same regulatory logic as described
for the sea urchin. Recently, we described the regulatory principle
underlying B-catenin-dependent OA patterning of the ectoderm in
Nematostella, which leads to the subdivision of the ectoderm into
oral, midbody and aboral domains (Lebedeva et al., 2021). This
subdivision happens as follows. A number of transcription factor-
coding genes, the expression of which is positively regulated by B-
catenin signalling, start to be expressed in the oral hemisphere of the
Nematostella embryo. Their expression resolves into specific
domains along the oral-aboral axis because some of these genes,
which are expressed more orally, encode transcriptional repressors
acting on the genes, which are expressed more aborally. This creates
the two main molecular boundaries of the early embryo of
Nematostella — the oral/midbody boundary and the midbody/
aboral boundary. We showed that the oral/midbody boundary is
established by the module of four transcription factors: Brachyury,
Lmx, FoxA and FoxB. The midbody/aboral boundary is created due
to the activity of the transcription factor Sp6-9 (Lebedeva et al.,
2021). The whole regulatory principle and the genes involved in the
OA patterning of the Nematostella embryo showed striking
resemblance to the logic and the components of the PA patterning
in deuterostome Bilateria (Darras et al., 2018, 2011; Kiecker and
Niehrs, 2001; Lebedeva et al., 2021; Nordstrom et al., 2002; Range,
2018; Range et al., 2013). In contrast to endoderm specification,
axial patterning is strongly affected by the knockdowns of LRP5/6
or combined knockdowns of Fz receptors, which demonstrate
partial functional redundancy. The fact that LRP5/6 phenotype is
phenocopied only by the simultaneous knockdown of all four Fz
receptors suggests that all of them are involved in B-catenin
signalling. The similarity of the combined Wnt3+Wnt4 KD
phenotype, as well as of the combined Wntl+Wnt4 KD
phenotype, to the LRP5/6 KD and the quadruple Fz gene KD
indicates that these three orally expressed Wnt ligands play the main
role in the Fz/LRP5/6-mediated OA patterning during early
Nematostella development. KD phenotype similarity also
suggests that, among these three Wnt ligands, Wnt4 appears to be
the one predominantly signalling via the aborally expressed Fz5.

Taken together, our data suggest the crucial role of the Wnt/
LRP5/6/Fz-mediated signalling in the OA patterning of the sea
anemone Nematostella vectensis, in which different Fz receptors
play partially redundant roles. In contrast, we do not find evidence
for the involvement of Fz/LRP5/6-mediated signalling in the
specification of the pre-endodermal plate. With this work, we lay the
foundation for the future research, which will show whether Fz
functions become more distinct at later developmental stages,
identify the possible signalling preferences of the different Wnt
ligands towards different Fz receptors, and address the role of the
non-canonical Wnt pathways in Nematostella development.
Ultimately, it will be important to understand not only the

difference between the functions of the different Fz molecules but
also the role of their redundancy and the selective pressures
maintaining what appears to be an ancestral Fz redundancy
conserved in Cnidaria and Bilateria.

MATERIALS AND METHODS

Animals, microinjection and electroporation

Adult Nematostella vectensis polyps were kept separated by sex in 16%o
artificial sea water (Nematostella medium=NM) at 18°C in the dark.
Spawning was induced by placing the polyps into an illuminated incubator
set to 25°C for 10 h. The eggs were de-jellied with 3% L-cystein/NM as
described previously (Genikhovich and Technau, 2009). Microinjection of
the shRNAs and morpholinos and electroporation of shRNAs against
maternally expressed transcripts was performed prior to fertilization. For
zygotic transcripts, electroporation and microinjection was performed after
fertilization. The embryos were raised at 21°C.

Gene knockdown, mRNA overexpression and inhibitor
treatments

shRNA-mediated gene knockdown was performed as described previously
(Karabulut et al., 2019). Two independent, non-overlapping shRNAs were
used for each gene to make sure that the KD result was specific. Regardless
of whether one or more genes was being knocked down, the concentration of
the shRNA against each transcript was 500 ng/ul. shRNA against mOrange
was used as a control (shControl). In cases of simultaneous knockdowns,
shControl was used at a concentration corresponding to the maximum
combined shRNA concentration used against the genes of interest, i.e. in
case of a quadruple knockdown, we used 2000 ng/ul shControl. RNAi
efficiency was tested by in situ hybridization and quantitative PCR
(Fig. S2A-C). For morpholino KDs, all MOs were used at a concentration
of 250 pM. The activity of the morpholinos was confirmed by co-injecting
each of them with 20 ng/pl mCherry mRNA containing the recognition
sequence for the respective morpholino oligonucleotide and testing whether
mCherry translation was suppressed in comparison with the situation, when
the same mRNA was co-injected with a control MO (Fig. S2D), which we
have tested previously (Kraus et al., 2016; Lebedeva et al., 2021). To
generate the dnFz1-mCherry construct, the fragment of 7z/ cDNA encoding
the C-terminal domain (27 amino acids of the protein following the seventh
transmembrane domain) was replaced with mCherry-coding sequence. In
vitro transcribed dnFzI-mCherry mRNA was microinjected at a
concentration of 250 ng/ul. Control mCherry mRNA was injected at a
concentration of 75 ng/ul since mCherry is ~3.2 times shorter than dnFzI-
mCherry. mRNA was synthesized with mMessage mMachine kit (Life
Technologies) and purified with the Monarch RNA clean-up kit (NEB).
5 uM 1-azakenpaullone (Sigma) used for the treatments was prepared by
diluting 5 mM AZK dissolved in DMSO with NM. An equal volume of
DMSO was used to treat the control embryos. The duration of the treatment
is described on Fig. 4A. The recognition sequences for the shRNAs, as well
as the morpholino sequences are shown in Tables S1 and S2. Accession
numbers for the genes used in the study are presented in Table S3.

In situ hybridization and phalloidin staining

In situ hybridization was performed as described previously (Kraus et al.,
2016) with a single change: the embryos were fixed for 1h at room
temperature in 4%PFA/PBS, washed several times in PTw (1x PBS and
0.1% Tween 20), then in 100% methanol and finally stored in 100%
methanol at —20°C. Digoxigenin-labelled RNA probes were detected with
anti-digoxigenin-AP Fab fragments (Roche) diluted 1:4000 in 0.5%
blocking reagent (Roche) in 1x MAB. After unbound antibody was
removed by a series of ten PTw washes of 10 min each, the embryos were
stained with a mixture of NBT/BCIP, embedded in 86% glycerol and
imaged using a Nikon 80i compound microscope equipped with the Nikon
DS-Fil camera. For phalloidin staining, the embryos were fixed in 4%PFA/
PTwTx (1x PBS, 0.1% Tween 20 and 0.2% Triton X-100) for 1 h at room
temperature, washed five times with PTwTx, incubated in 100% acetone
pre-cooled to —20°C for 7 min on ice and washed three more times with
PTwTx. 2 pul of phalloidin-AlexaFluor488 (ThermoFisher) was added per
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100 ul PTwTx, and the embryos were stained overnight at 4°C. After eight
10-min washes with PTwTx, the embryos were gradually embedded in
Vectashield (Vector labs) and imaged with the Leica SP8 CLSM.
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Fig. S1. (A) Expression dynamics of the LRP5/6, LRP4/5/6-like and Fz genes in the first 19 hours of
Nematostella development according to the NVERTx database (Helm et al., 2013; Warner et al., 2018).
(B) Maximum likelihood phylogeny of the LRP proteins (WAG+G4, bootstrap 100). (C) LRP4/5/6-like is

expressed in the apical organ of the planula. Scale bar 100 pm.
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Fig. S2. Controls of the efficiency of the sShRNAs and morpholino oligonucleotides. (A) Efficiency of the
first (sh#1) and the second (sh#2) shRNA for each gene analyzed by in situ hybridization. Wnt5 and
Wnt8a expression has been assessed at mid-blastula stage because unlike all the other genes shown on the
figure, Wnt5 and Wnt8a are nearly not expressed at late gastrula stage. All other transcripts are stained in
30 hpf gastrulae. (B) qPCR analysis of the knockdown efficiency of the sh#1 and sh#2 for each gene in
relation to shControl (100% expression) at 30 hpf. (C) The phenotypes obtained

with the sh#1 (shown on all other figures) are reproduced with minimal differences using the sh#2 in 30
hpf embryos. Oral view is shown for Bra, lateral view is shown for Six3/6. On (A) and (C), the numbers

in the top right corner show the fraction of the embryo demonstrating this phenotype. Scale bar 100 pm.
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(D) In vivo fluorescence shows that mCherry mRNA carrying the morpholino recognition sequence for
the FzZ1MO, Fz4MO, Fz10MO or LRP5/6MO is efficiently translated when co-injected into zygotes
together with the control morpholino, but not when co-injected with the morpholinos against Fz1, Fz4,

Fz10 or LRP5/6MO, respectively.
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Fig. S3. Expression of the oral markers FoxA and FoxB upon KDs of LRP5/6 and individual FZ in the

30 hpf gastrula. The numbers in the top right corner show the fraction of the embryo demonstrating this

phenotype. For each gene, lateral views (oral end down) on the top, oral views on the bottom. Scale bar

100 um.
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Fig. S4. Marker gene expression in 3 dpf planulae upon LRP5/6 RNAi. The numbers in the top right
corner show the fraction of the embryo demonstrating this phenotype. Scale bar 100 um. For each gene,

lateral views (oral end down) on the top, oral views on the bottom.
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Fig. S5. The onset of the effect of the LRP5/6 RNAi. (A) LRP5/6 expression is abolished at 6 hpf. (B)
Bra expression is not affected at 10 hpf, but starts to be suppressed by 18 hpf. The numbers in the top
right corner show the fraction of the embryo demonstrating this phenotype. Scale bar 100 um. For each

gene, lateral views (oral end down) on the top, oral views on the bottom.
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43/43 47/50 53/53 39/49

chordin

Fig. S6. At late gastrula (1 dpf), asymmetric Chordin expression indicates the establishment of the
directive axis, which disappears by mid-planula (3 dpf). The numbers in the top right corner show the
fraction of the embryo demonstrating this phenotype. Scale bar 100 um. Lateral views (oral end down)

on the top, oral views on the bottom.
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Fig. S7. Effects of the individual RNAI of the orally expressed Fz genes and effects of

the simultaneous RNA1 of all possible combinations of two Fz genes on the expression of the B-catenin-
dependent markers of different axial domains in the 30 hpf gastrula. The numbers in the top right corner
show the fraction of the embryo demonstrating this phenotype. Scale bar 100 um. For each gene, lateral

views (oral end down) on the left, oral (aboral in case of Six3/6) views on the right.
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Fig. S8. Microinjection of the mCherry mRNA and dnFzI-mCherry mRNA show no effect on the
expression of the markers of the distinct axial domains in the ectoderm, and on the endodermal marker
SnailA in the 30 hpf gastrula. The numbers in the top right corner show the fraction of the embryo
demonstrating this phenotype. For each gene, lateral views (oral end down) on the top, oral (aboral in
case of Six3/6) views on the bottom. Lower panel — mCherry fluorescence of the microinjected embryos

at 24 hpf. Scale bars 100 pm.
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Fig. S9. The dynamics of the Wnt gene expression in the first 19 hours of Nematostella development
according to the NVERTx database (Helm et al., 2013; Warner et al., 2018).

c
o
)
©
£
—
'49
£
P
—
@©
)
c
()
£
9
Q
Q
>
(9p)
(]
=
c
()
£
Q
o)
()
>
[}
(@)




Development: doi:10.1242/dev.200785: Supplementary information

shControl shWnt1 shWnt3
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©
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B " /:Q .

Brachyury

FoxA

Fig. S10. Analysis of the oral marker expression in the 3 dpf planulae. Similar to the effect seen at the
30 hpf, Wntl and Wnt3 RNA1 result in the expansion of the Bra expression to the bottom of the
pharynx (yellow dashed line). A similar phenotype was seen in 30 hpf gastrulae upon FoxB RNAi
(Lebedeva et al., 2021). Wnt3 RNAI, but not Wntl RNAI1 results in the suppression of the FoxA4
expression in the outer pharynx (red dashed line). A similar phenotype was seen in 30 hpf gastrulae
upon Bra, FoxB, and Bra+FoxB RNA1 (Lebedeva et al., 2021). For each gene, lateral views (oral end
down) on the top, oral views on the bottom. The numbers in the top right corner show the fraction of

the embryo demonstrating this phenotype. Scale bar 100 um.
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b
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Fig. S11. Phalloidin staining of the 4 dpf planulae upon individual Wnt RNAi. Scale bar 100 pm.
shWnt8a and shWntA embryos appear slightly delayed (the last pair of mesenteries has not yet

formed), but their general morphology is entirely normal.
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Fig. S12. Results of the simultaneous KD of Wntl (A), Wnt2 (B), and Wnt8a (C) with different Fz genes
on the expression of the oral, midbody, and aboral markers at 30 hpf. For each gene, lateral views (oral
end down) on the top, oral (aboral in case of Six3/6) views on the bottom. The numbers in the top right
corner show the fraction of the embryo demonstrating this phenotype. Scale bars 100 pm. The effect of
the combined KD of Wntl+Fz5 and Wnt1+Fz10 on the expression of Bra, Wnt2 and Six3/6 is very
similar to that of the Wnt3+Fz5 and Wnt3+Fz10 RNAi, however, Wnt2 expression appears weaker in the
Wntl+Fz5 KD than in the Wnt3/Fz5 KD. Wnt2-Fz and Wnt8a-Fz combinations do not seem to show any

noticeable synergistic effects.
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Fig. S13. Results of the double KD of all Wnt genes producing and oral-aboral phenotype at 30 hpf upon
individual KDs (see Fig. 6A in the main text). Expression of the same oral, midbody, and aboral markers
at 30 hpf is shown. For each gene, lateral views (oral end down) on the top, oral (aboral in case of Six3/6)
views on the bottom. The numbers in the top right corner show the fraction of the embryo demonstrating
this phenotype. Scale bar 100 pm. shWnt1+shWnt4 combination (yellow box) produces a phenotype
similar to the double KD of Wnt3 and Wnt4 (see Fig. 6C in the main text). The expansion of the aboral
marker Six3/6 upon double KD of Wnt4 and Wnt8a appears more pronounced than upon individual KDs
of these two Wnt genes. Other shWnt combinations did not seem to elicit a synergistic effect on the

expression of Bra, Wnt2, and Six3/6 in comparison to their individual KDs.
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Fig. S14. Phalloidin staining of the 4 dpf planulae upon double KDs of all Wnt genes producing and
oral-aboral phenotype at 30 hpf. Scale bar 100 um. Similar to the shWnt3+Wnt4 combination (see Fig.
3D in the main text for comparison), shWnt1+Wnt4 (yellow box) results in a loss of the mouth,
pharynx and mesenteries. However, 1-2 residual mesenteries may still be visible (red arrowheads).
shWnt3+Wnt2 combination regularly resulted in embryos having 6 rather than 8 regularly spaced
mesenteries (orange arrowheads). Other double knockdowns did not lead to any obvious phenotypes at
the 4 dpf stage.
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Table S1. Target sequences of the shRNAs

shControl GCGAGTTCTTCTACAAGGTGA
shLRP5/6 sh#1 GAGAGCCTTCCACTTGTAA
shLRP5/6 sh#2 GAGGAATCGTCGCATCTAT
shFz1 sh#1 GAAGGCTGCACGGTTATTT
shFz1sh#2 GCTTGCAATGAGCCTATCA
shFz4 sh#l GTTCAAAGCACCGAGTCTT
shFz4sh#2 GCCTGAGAAACCTAGACCA
shFz5 sh#l GCGGAATAGGCTACAATTT
shFz5 sh#2 GCCGGAATGAAATGGTCAA
shFz10 sh#1 GGATGAACTGACAGGTCTT
shFz10 sh#2 GGACAGTACCAGCAATACA
shWntA sh#1 GGATAACATGGGCAAGACA
shWntA sh#2 GGCGTACTATGCCAAACTT
shWntl sh#l GGAGGATGCAGTGATAACA
shWntl sh#2 GGGATTTCCGTGCTCAGAT
shWnt2 sh#1 GAGGGCGTTGATGAACTTA
shWnt2 sh#2 GAGGATTCGCCCAATTACT
shWnt3 sh#l GGAAGACAGTGCAACTACA
shWnt3 sh#2 GAGACCTCACCAAACTACT
shWnt4 sh#l GCTTCGCTAGTGTACTCAA
shWnt4 sh#2 GAAATTCGATGGAGCTACT
shWnt5 sh#1 GGTGCCGATGCAAGTTTCA
shWnt5 sh#2 GCTCGGACTCTTATGAACT
shWnt8a sh#1 GGCGCAAAGCTGTTAAGAA
shWnt8a sh#2 GCAGCCTGGTCTTCCTAAA

Table S2. Morpholino sequences

Name Sequence Reference

Control MO | GATGTGCCTAGGGTACAACAACAAT | (Kraus et al., 2016; Lebedeva et al., 2021)
FzIMO GCATAATCCCGGCGATTAAACTACG | This paper

Fz4MO GTGACATTTTGCACGAATGGAGAAC | This paper

Fz10MO AAGCTAAACGCTTAGCCCCCATATC | (Wijesena et al., 2022)

LRP5/6MO | ACAAAACAACTTTGGCGAACATCCT | This paper
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Table S3. Accession numbers

Gene name | Accession NvERTx NVE

Wnt4 XP 001623100 | NvERTx.4.48250 NVE17746
Wnt5 XP 001630693 | NvERTx.4.146133 NVE1780
Wnt8a XP 001630032 | NvERTx.4.106136 NVE2847
WntA XP 001637670 | NvERTx.4.132141 NVE12095
Whntl XP 001641494 | NvERTx.4.56072 NVE12960
Wnt2 XP 032238966 | NvERTx.4.114443 NVE21992
Wnt3 XP 032241388 | NvERTx.4.107815 NVE17595
Fzdl XP 001647540 | NvERTx.4.186145 NVE7119
Fzd5 XP 001634995 | NvERTx.4.67323 NVE19736
FzdI0 XP 032235151 | NvERTx.4.80873 NVEI1835
Fzd4 XP 001622965 | NvERTx.4.95377 NVEI18184
LRP5/6 XP 032222612 | NvVERTx.4.111182 NVE16348
FoxA XP 001634555 | NvERTx.4.73097 NVE20630
ERG XP 032236866 | NvERTx.4.84016 NVE25536
SnailA XP 032243077 | NvERTx.4.57438 NVE13986
Axin XP 001640692 | NvERTx.4.66791 NVE22529 (no good NVE model)
FoxB XP 001631625 | NvERTx.4.229455 NVE26195
Chordin XP 001633548 | NvERTx.4.87650 NVE22735
Brachyury XP 032233913 | NvERTx.4.100809 NVE770
Six3/6 XP 032228424 | NvERTx.4.97387 NVE12346

NVE gene models can be accessed at

https://figshare.com/articles/Nematostella vectensis_transcriptome and gene models v2 0/807696

NvVERTX transcripts can be accessed at

http://nvertx.ircan.org/ER/ER _plotter/home
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In animals, body axis patterning is based on the concentration-dependent interpretation of
graded morphogen signals, which enables correct positioning of the anatomical structures.
The most ancient axis patterning system acting across animal phyla relies on p-catenin
signaling, which directs gastrulation, and patterns the main body axis. However, within
Bilateria, the patterning logic varies significantly between protostomes and deuterostomes.
To deduce the ancestral principles of B-catenin-dependent axial patterning, we investigate
the oral-aboral axis patterning in the sea anemone Nematostella—a member of the bilaterian
sister group Cnidaria. Here we elucidate the regulatory logic by which more orally expressed
B-catenin targets repress more aborally expressed p-catenin targets, and progressively
restrict the initially global, maternally provided aboral identity. Similar regulatory logic of
B-catenin-dependent patterning in Nematostella and deuterostomes suggests a common
evolutionary origin of these processes and the equivalence of the cnidarian oral-aboral and
the bilaterian posterior-anterior body axes.
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raded morphogen signals comprise the top tier of the axial

patterning cascades in Bilateria and their phylogenetic

sister group Cnidaria (corals, sea anemones, jellyfish,
hydroids)1‘3. Just like the posterior-anterior (P-A) body axis of
Bilateria, the oral-aboral (O-A) body axis of Cnidaria is patterned
by Wnt/B-catenin signaling®> (Fig. 1a). Although it is likely that p-
catenin signaling is also involved in the axial patterning of earlier
branching ctenophores and sponges®”’, cnidarians are the earliest
branching animal phylum for which experimental gene function
analyses are available. A cnidarian-bilaterian comparison can
inform us about the ancestral logic of the 3-catenin-dependent axial
patterning and mechanisms of molecular boundary formation. In
this paper, we focus on deciphering the mechanism of the O-A axis
patterning in the ectoderm of the early embryo of the sea anemone
Nematostella vectensis.

Morphologically, the O-A axis in Nematostella becomes
apparent at the onset of gastrulation, when future endoderm starts
to invaginate, eventually forming the inner layer of this diplo-
blastic organism. The establishment of the O-A axis in Nema-
tostella depends on B-catenin®. Its knockdown abolishes the O-A
axis both morphologically and molecularly: the embryos fail to
gastrulate and do not express oral ectoderm markers®. In contrast,
mosaic stabilization of B-catenin results in the formation of
numerous ectopic oral structures or even complete ectopic axes?*
(Supplementary Fig. 1a—c). By late gastrula stage, the ectoderm of
Nematostella can be roughly subdivided into three axial domains:
the oral domain characterized by Brachyury (Bra) expression, the
midbody domain where Wnt2 is expressed, and the aboral domain
expressing Six3/6 (Fig. 1b), whereas endodermal O-A patterning
begins later in development!?. Pharmacological experiments, in
which B-catenin signaling was upregulated by a range of con-
centrations of the GSK3p inhibitor 1-azakenpaullone (AZK)
(Fig. 1la), showed that ectodermally expressed p-catenin-
dependent genes react to different levels of upregulation of B-
catenin signaling dose-dependently and in two distinct ways*
(Fig. 1c). Some genes, whose expression is normally restricted to
the oral ectodermal domain, increase their expression to satura-
tion upon upregulation of B-catenin signaling and start to be
expressed in the ectoderm along the whole O-A axis at high AZK
concentrations. We call them “saturating” genes below. Other
ectodermally expressed genes, whose normal expression can be
observed either in the oral domain or further aborally, require
permissive “windows” of [B-catenin signaling intensities. Upon
weak pharmacological upregulation of B-catenin signaling, “win-
dow” gene expression shifts aborally, ie. into the area where
endogenous [B-catenin signaling intensity is expected to be lower,
while upon strong upregulation of P-catenin signaling their
expression ceases altogether* (Fig. 1c). A similar dose-dependent
response to “windows” of B-catenin signaling intensity was pre-
viously demonstrated in axial patterning of bilaterians. Particularly
striking is the resemblance to the P-A patterning in deuter-
ostomes: the neurectoderm in vertebrates!>12, body ectoderm in
hemichordates!>!# and sea urchins!®, and endomesoderm in sea
stars!>16, In protostomes, the P-A axis patterning mechanisms
are very diverse, however, the posteriorizing effect of B-catenin
signaling can also be observed. Different levels of knockdown of
the B-catenin signaling antagonist Axin resulted in different extent
of posteriorization of the embryo and loss of anterior structures in
the short-germ insect Tribolium castaneum!”-18. Conversely, dif-
ferent levels of Wnt8 knockdown led to the expansion of the
anterior and loss of the posterior segments in the spider
Achaearanea tepidariorum'®. Within Spiralia, AZK-dependent
disappearance of the anterior and expansion of the posterior
marker gene expression was observed in the embryos of bra-
chiopods Novocrania anomala and Terebratalia transversa®0,
while experimental up- and downregulation of B-catenin signaling

resulted, respectively, in vegetalization and animalization of the
embryo of the nemertean Cerebratulus lacteus?!, reminiscent of
the effect in deuterostomes!42223,

Thus, the regulatory principle behind the “window” behavior
may represent the ancestral logic of P-catenin-dependent axial
patterning, however, its mechanism is not clear. Since this reg-
ulatory behavior is likely to be at the core of the O-A patterning
in Nematostella, and possibly represents a general mechanism
shared by all animals, we attempted to explain it. Since not only
oral, but also several midbody and aboral markers were shown to
be abolished upon B-catenin knockdown®, we hypothesized that
both “saturating” and “window” genes are positively regulated by
B-catenin (Fig. 1la). However, in order to account for the
repression of the “window” genes upon upregulation of $-catenin,
we postulated that there exists a “transcriptional repressor X”,
which, being a “saturating” gene, becomes upregulated upon
increased P-catenin signaling and inhibits the expression of the
“window” genes in ever more aboral positions and, eventually,
throughout the embryo (Fig. 1a, ¢). In this study, we set out to test
our assumption and search for this hypothetical repressor. We
demonstrate that a unit of four transcription factors, Bra, FoxA,
FoxB and Lmx, rather than a single transcriptional repressor X, is
responsible for controlling the “window” gene behavior in the
oral domain of the Nematostella embryo. We also show that the
regulatory logic based on repression of the more aborally
expressed (-catenin signaling target genes by the more orally
expressed P-catenin signaling target genes is responsible for set-
ting up gene expression domain boundaries along the entire O-A
axis and identify Sp6-9 as a “transcriptional repressor Y” setting
up the midbody/aboral boundary. We argue that this represents
the ancestral regulatory logic of -catenin-dependent axial pat-
terning conserved since before the cnidarian-bilaterian split and
discuss the implications of this on our understanding of the
correspondence of the cnidarian and bilaterian body axes.

Results

Identification of the transcriptional repressor X candidates.
Our hypothesis predicted that: (i) the transcriptional repressor X
is to be found among the “saturating” genes upregulated upon
increased B-catenin signaling, (ii) it has to be expressed in a
contiguous domain along the O-A axis rather than in a salt-and-
pepper manner to be able to act cell-autonomously, and that (iii)
the loss of function of the transcriptional repressor X will abro-
gate the [-catenin-dependent repression of “window” genes
converting them into “saturating” genes upon pharmacological
upregulation of the B-catenin signaling (Fig. 1c). To test these
predictions, we devised an RNA-Seq-based strategy for finding all
transcription factors fulfilling these criteria (Fig. 1d). In order to
obtain an off-target free list of transcription factors upregulated
by B-catenin, we used two independent means of upregulating -
catenin signaling by suppressing the activity of two different
members of the B-catenin destruction complex, which we further
refer to as “treatments”. First, we used AZK treatment spanning
different time windows to suppress GSK3p. Second, we used a
line of Nematostella carrying a frameshift mutation in the APC
geneZ* (Fig. 1a, e). At 3 days post fertilization (3 dpf), all APC~/~
embryos display a phenotype similar to that of embryos incu-
bated from early blastula on in AZK (Supplementary Fig. 1d-h).
Visual detection of the homozygous APC mutants at 1 dpf is
impossible, since the phenotype only becomes apparent at 2-3
dpf. However, an earlier study showed that “window” behavior of
Wnt2 persisted until at least 3 dpf>, which suggested that the
putative repressor X was expressed both at 1 dpf and at 3 dpf.
Therefore, we compared the transcriptomes of 1 dpf embryos and
3 dpf embryos incubated in AZK with the transcriptomes of the 3
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dpf APC~/~ embryos (Fig. le; Supplementary Fig. 2a-f), and
controls. We then identified all putative transcription factor-
coding genes upregulated by elevated -catenin in all treatments
by comparing our lists of differentially expressed genes with the
list of gene models with a predicted DNA binding domain. We
found twelve such putative transcription factors (Fig. 1f,

Fig. 1 The “repressor X" concept and the search strategy. a Scheme of the
Whnt/B-catenin signaling pathway indicating the members manipulated in
this study in order to artificially upregulate it. We use two types of
treatments (red) to upregulate B-catenin signaling: pharmacological
inhibition of GSK3p by AZK and mutation of APC. b Oral, midbody, and
aboral domains of the 1day post fertilization (1dpf) gastrula visualized by
molecular markers. Lateral views, oral to the left. Asterisk denotes the
blastopore. Arrowheads demarcate corresponding positions. Scale bar 100
um. ¢ Hypothetical mechanism of the response of the “saturating” and
“window" genes to different intensities of the p-catenin signaling and the
putative role of the transcriptional repressor X in regulating the “window”
expression behavior. Hypothetical oral-to-aboral gradient of p-catenin
signaling is shown in light blue on the upper panels. Repressor X is a
saturating gene expressed above a certain p-catenin signaling intensity
indicated by the red dashed line, i.e., orally (pink expression domain on
graphs and middle panels). The window gene (blue expression domain) is
activated above the B-catenin signaling intensity indicated by the black
dashed line, however, it becomes repressed in the area of repressor X
expression. Upon AZK treatment, the p-catenin signaling intensity
increases eventually reaching saturation (blue arrowhead on the Y-axis). In
increasing AZK concentrations, the minimal p-catenin signaling intensity
sufficient for repressor X activation shifts aborally, displacing the area
available for the window gene expression until it becomes impossible for
the window gene to be expressed anywhere in the embryo. Upon repressor
X knockdown (bottom panel), the window gene starts to behave as a
saturating gene. O and A on graphs indicate the oral and the aboral end.
d Search strategy used to identify transcriptional repressor X. e Scheme of
treatments. At 1dpf, AZK treatments were stopped at 30 h post fertilization
(hpf), and either RNA was extracted immediately, or the embryos were
washed out and incubated in Nematostella medium until 3 dpf (72 hpf).
Asterisks indicate time points of RNA extraction. f Venn diagram with the
numbers of the putative transcription factor coding genes upregulated by
different treatments. The color code corresponds to that on e.

Supplementary Table 1) of which we excluded five: two as
metabolic enzymes falsely annotated by INTERPROSCAN?2® as
transcription factors (NVE21786 and NVEI2602), one, MsxC,
since it was not expressed in the wild type gastrula, and two, Unc4
and AshC, because they were expressed in single cells rather than
in contiguous domains (Supplementary Fig. 2g). The remaining
seven candidates, Brachyury (Bra), FoxA, FoxB, LIM homeobox
(Lmx), Shavenbaby (Svb), Dachshund (Dac) and a putative Zn
finger transcription factor NVEI11868, were expressed in distinct
continuous domains and displayed a typical “saturating” pheno-
type (Supplementary Fig. 2h). In order to find out whether any of
these transcription factors were capable of repressing window
genes, we individually knocked them down (Supplementary
Fig. 3a—c), incubated the knockdown embryos either in AZK or in
DMSO and compared the expression of two well-characterized
“window” genes Wntl and Wnt2* in the knockdowns at late
gastrula stage. Knockdowns of Svb, Dac and NVE11868 led to no
significant change in the expression of Wntl and Wnt2 in com-
parison to control shRNA (Supplementary Fig. 3d). Therefore,
these genes were also excluded from further analyses, and we
focused on the remaining four candidates, Bra, FoxA, FoxB, and
Lmyx, and characterized their mutual expression domains and the
effect of their knockdowns upon normal and pharmacologically
enhanced B-catenin signaling (See also Supplementary Results
and Discussion 1).

Repressor X is not a single gene but a unit of four genes. The
area of strong Bra expression overlaps with the WntI expression
domain and abuts the Wnt2 expression domain (Fig. 2). Upon
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Fig. 2 Double FISH analysis of the expression domains of the four main repressor X candidates, oral Wnt genes, midbody markers Wnt2 and Sp6-9,
and aboral marker Six3/6. a FISH analysis of the expression domains of the transcription factor genes Bra, FoxA, FoxB, Lmx, Sp6-9 and Six3/6 in relation to
each other. b FISH analysis of the expression domains of the abovementioned transcription factor genes in relation to the expression domains of the
ectodermally expressed Wnt genes. ¢ FISH analysis of the expression domains of the ectodermally expressed Wnt genes in relation to each other.

d Schematic representation of the expression boundaries of the transcription factors in the Nematostella gastrula. e Schematic representation of the
expression boundaries of the Wnt genes in the Nematostella gastrula. On a-c, lateral views (oral to the left) and oral views (unless specified otherwise) of
representative embryos from two independent experiments with n > 30 for each combination of in situ hybridization probes are shown. Scale bars 100 um.

Dashed lines on d and e represent the same molecular boundaries.

Bra knockdown, Wntl expression was abolished not only in the
AZK treatment but also in the DMSO treated controls, suggesting
that Wntl is positively regulated by Bra (Fig. 3, Supplementary
Fig. 4). In contrast, Wnt2 expression domain expanded orally
in the DMSO controls and became ubiquitous upon the AZK
treatment (Fig. 3, Supplementary Fig. 4). This suggests that
Brachyury acts as the hypothetical transcriptional repressor X for
Wnt2, but not for Wntl. FoxA is expressed in the future pharynx

of the embryo and in the domain immediately around the blas-
topore inside the ring of Wntl expressing cells (Fig. 2). FoxA
knockdown did not affect Wnt2 expression, but Wnt1 expression
became stronger and expanded further orally in DMSO and
globally in the AZK treatment (Fig. 3, Supplementary Fig. 4a).
Thus, FoxA appears to act as the hypothetical repressor X for
Whntl, but not for Wnt2. FoxB is co-expressed with Bra in the
domain where Bra expression is strong, i.e. abutting the Wnt2
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expression domain, and Lmx is a weakly expressed gene active in
a domain starting from the Wntl expressing cells and quickly
fading out further aborally (Fig. 2). FoxB knockdown resulted in
the expansion of both Wntl and Wnt2 expression in AZK, but
the staining appeared weak, and Lmx RNAi effect on WntI and
Wnt2 largely recapitulated the effect of Bra RNAI, albeit milder

Fig. 3 The effect of the repressor X candidates knockdown on the
expression of the “window" genes Wnt1 and Wnt2. Bra and Lmx
knockdowns convert Wnt2 into a “saturating” gene, while FoxA knockdown
does the same with Wntl. The effect of Lmx knockdown appears to be
similar but weaker than that of Bra. FoxB knockdown results in a “weak AZK
effect” on both WntT and Wnt2 suggesting that FoxB mildly represses both.
The effects of the knockdowns of Bra, Lmx, and FoxB on Wnt2 expression are
non-redundant, but similar and additive (see Supplementary Figs. 6 and 7).
Quadruple knockdown with shRNA against Bra, Lmx, FoxA and FoxB
(=shBLAB) removes oral molecular identity of the embryo completely. Red
arrow indicates the bottom of the pharynx expressing the midbody marker
Wnt2. On lateral views, asterisk denotes the blastopore. The numbers in the
top right corner show the ratio of embryos displaying the phenotype shown
on the image to the total number of embryos treated and stained as
indicated on the figure. Scale bar 100 pm.

(Fig. 3, Supplementary Fig. 4a). Single, double and triple knock-
down experiments suggest that the role of these two transcription
factors appears to be in supporting the activity of Bra and FoxA in
the areas, where they are co-expressed (Supplementary Results and
Discussion 1, Supplementary Figs. 5-7). Simultaneous knockdown
of Bra, Lmx, FoxA and FoxB with a mixture of sShARNAs (shBLAB)
completely abolishes the oral identity of the embryo at the mole-
cular level: the midbody marker Wnt2 shifts orally, expanding
all the way to the bottom of the pharynx in DMSO, while the
Whnt2-free aboral domain expands (Fig. 3, Supplementary Fig. 5).
A much more pronounced expansion of the aboral domain and the
confinement of the midbody marker Wnt2 to the oralmost part of
the embryo upon the combined knockdown of Bra together with
either Lmx or FoxB or both in comparison to the individual Bra
knockdown shows that the functions of these genes are non-
redundant (Fig. 3; Supplementary Results and Discussion 1, Sup-
plementary Figs. 5-7). We conclude that oral “window” genes are
activated by [B-catenin signaling (either directly or indirectly), and
repressed by B-catenin-dependent “saturating” transcription fac-
tors. No single transcriptional repressor X exists, but rather Bra,
Lmx, FoxA and FoxB appear to be the unit defining oral identity in
the Nematostella embryo. Strikingly, the knockdown of any of
these four transcription factors did not prevent normal gastrula-
tion, and all the effects at this developmental stage remained purely
molecular, pointing at the potential role of maternal factors in
the gastrulation process (see Suppl. Results and Discussion 2-3,
Supplementary Figs. 8, 9).

Repressor X regulatory logic applies to the whole O-A axis.
Previous work demonstrated that the aboral markers FoxQ2a and
Six3/6, which are downregulated upon elevated P-catenin sig-
naling, still require some P-catenin signaling in order to be
expressed?, i.e. they may also be window genes. Therefore, it is
conceivable that the patterning logic we discovered for the oral
domain may be applicable to the whole of the O-A patterning,
with more orally expressed B-catenin-dependent genes acting as
transcriptional repressors for the more aborally expressed [-
catenin-dependent genes. To test that, we investigated the
mechanism of the maintenance of the other clear molecular
boundary present in late gastrula ectoderm: the one between the
Whnt2-positive midbody domain and the Six3/6-positive aboral
domain (Fig. 1b). If the proposed regulatory logic were correct,
there would have to exist at least one “transcriptional repressor
Y”, which: (i) has to be expressed in the midbody domain, (ii) has
to counteract the oral expansion of the aboral domain, and (iii)
has to be positively regulated by B-catenin and repressed by the
oral, “saturating” transcription factors (i.e. it has to be encoded by
a “window” gene). Since “window” genes are downregulated upon
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Fig. 4 Midbody domain prevents oral expansion of the aboral domain.
a Scheme of the treatments and Venn diagram showing the number

of putative transcription factors downregulated by various treatments.

b Sp6-9 prevents oral expansion of the aboral marker Six3/6. In BraMO,
Six3/6 expression is also expanded orally, likely due to the oral shift of the
Sp6-9 expression upon Bra knockdown (see Supplementary Fig. 5). Oral
expansion of Six3/6 is enhanced upon double knockdown of Sp6-9 and
Bra. Lateral views, oral to the left; asterisk denotes the blastopore. € Sp6-9 is
a "window" gene shifting orally upon simultaneous knockdown of Bra, Lmx,
FoxA and FoxB (=shBLAB) and expanding globally upon shBLAB knockdown
followed by AZK treatment. Sp6-9-free area disappears in shBLAB. Lateral
views, oral to the left; asterisk denotes the blastopore. The numbers in the
top right corner on b, ¢ show the ratio of embryos displaying the phenotype
shown on the image to the total number of embryos treated and stained as
indicated on the figure. Scale bars 100 pm.

oral view

elevated {-catenin signaling, we looked at the transcription factor
coding genes downregulated by all treatments in our RNA-Seq
experiment, and found 25 such genes (Fig. 4a). We performed
in situ hybridization with probes against all of them and excluded
18 genes expressed either in single ectodermal cells, endoder-
mally, or whose expression domain included the aboral pole
(Supplementary Fig. 10, Supplementary Table 2). Thus, we were
left with seven transcriptional repressor Y candidates expressed in
the midbody but not in the aboral domain: Sp6-9, NkI, Dix,
MsxA, FoxGl, Rx, and HES-like (Supplementary Fig. 10, Sup-
plementary Table 2). In order to test whether they were capable of
counteracting the oral expansion of the aboral domain, we per-
formed individual knockdowns of all of them followed by in situ
hybridization against the aboral marker Six3/6 (Supplementary
Fig. 11). Out of all candidates, only the knockdown of the gene
encoding the Kriippel-like transcription factor Sp6-9 resulted in

the oral expansion of the Six3/6 expression domain. (Fig. 4b,
Supplementary Fig. 12a, b, Suppl. Results and Discussion 1 and
3). Predictably, since Bra knockdown results in the oral shift of
the midbody domain (Fig. 3, Supplementary Fig. 5) and expan-
sion of the aboral domain (Fig. 4b), Six3/6 expansion was much
more pronounced upon the combined knockdown of Sp6-9 and
Bra (Fig. 4b). Finally, we tested whether Sp6-9 fulfilled the
remaining transcriptional repressor Y criterion set above, namely
whether it was a “window” gene. We could show that the
knockdown of the four oral transcription factors Bra, FoxA, FoxB
and Lmx expanded the expression of Sp6-9 orally in DMSO and
globally in AZK (Fig. 4c), i.e. Sp6-9 behaved as a “window” gene.
Curiously, in addition to the broad expression in the midbody
domain (bordering the Bra domain orally and the Six3/6 domain
aborally; Fig. 2), Sp6-9 is also strongly expressed in individual
cells scattered all over the embryo. This single-cell expression was
not affected by the modulation of the P-catenin signaling
(Fig. 4c). Taken together, Sp6-9 appears to act as hypothetical
repressor Y at least for Six3/6, which suggests that the regulatory
logic we proposed is applicable not just to the oral domain but to
the whole B-catenin-dependent O-A axis patterning in the
Nematostella ectoderm.

Aboral identity represents the default state. We demonstrated
that the logic of the B-catenin-dependent O-A patterning relied
on more orally expressed [P-catenin targets displacing the
expression domains of the more aborally expressed B-catenin
targets further aborally. Therefore, we decided to test whether
aboral fate represented the default state of the whole Nematostella
embryo, which then became progressively restricted to the aboral
domain by the orally expressed B-catenin-dependent factors, as
it is described for the anterior ectodermal domain in
deuterostomes!3-1526, The fact that the major aboral determinant
Six3/6 requires an initial P-catenin signal in order to be
expressed® may be used as evidence against this hypothesis.
However, Six3/6 is a zygotic gene, whose expression becomes
detectable at 12 h post fertilization (hpf), which is 4 h later than
the onset of expression of the oral marker Bra (Fig. 5a). Notably,
even the earliest expression of Six3/6 is not ubiquitous, but
localized to the future aboral side of the O-A axis. However, we
do find aboral markers, whose expression is initially maternal and
ubiquitous and subsequently becomes restricted to the aboral end
in a B-catenin-dependent manner. One of them is Frizzled 5/8
(Fig. 5a, b), which was shown to be a negative regulator of Six3/6
and FoxQ2a in Nematostella and sea urchin®1527, The other one
is SoxB1 (Fig. 5a, b), whose initially ubiquitous expression is
cleared B-catenin-dependently out of the organizer and endo-
mesodermal area in deuterostomes?®2°. Individual or simulta-
neous knockdowns of the oral and midbody factors Bra and Sp6-9
in Nematostella significantly expand the expression domain of
SoxB1 (Fig. 5c). Although qPCR data suggest that sea urchin
SoxBl is a positive maternal upstream regulator of FoxQ230, the
negative effect of SoxBI knockdown on Six3/6 and FoxQ2a
expression in Nematostella is not pronounced (Supplementary
Fig. 13), and it is still unclear what kind of positive regulatory
input maintains the aboral expression of Six3/6 and hence other
aboral markers. Nevertheless, our data clearly support the aboral-
by-default model.

Endoderm is not a prerequisite for the ectodermal patterning.
In many investigated bilaterians, the earliest function of p-catenin
signaling is to define the endomesodermal territory, and its role in
the P-A patterning appears to kick in later!3-1523, We were
interested to see whether this was also the case in Nematostella.
Previous work showed that Nematostella embryos failed to form
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Fig. 5 Nematostella embryo initially has aboral identity, which later becomes restricted to the aboral domain. a Six3/6 is detectable in the aboral portion
of the embryo from 12 h post fertilization (hpf) on. Bra becomes detectable in a group of cells on the future oral side of the embryo as early as 8 hpf, and by
10 hpf it forms a ring around the future preendodermal plate. Fz5/8 is a maternally deposited transcript. Fz5/8 expression shifts to the future aboral side by
12 hpf. SoxBT is also a maternally deposited transcript. The loss of SoxB1 staining in the future endodermal territory occurs simultaneously with the
formation of the Bra ring, and is likely regulated by the same mechanism. By gastrula stage, SoxB1 is expressed in the blastopore lip and aborally. On all
lateral views, on which the O-A axis is discernible, the oral end is marked with an asterisk. Inset images of 10, 12 and 14 hpf embryos stained for Bra and
SoxB1 show the lack of expression in the putative preendodermal plate on embryos orientated with their oral ends facing the viewer. 6 hpf images of Fz5/8
and SoxB1 expression show the optical midsection (left) and the surface view (right) of the same embryos. b Fz5/8 and SoxBT expression remains
ubiquitous in the B-catenin morphants. Lateral views of the 30 hpf gastrulae, oral ends are marked with an asterisk. € SoxB1 expression upon Bra knockdown
appears weaker in the oral domain and expanded in the aboral domain, which is likely due to the oral shift of the Sp6-9 expression. Sp6-9 knockdown
significantly expands SoxBT expression fusing the oral and aboral expression domains. Simultaneous knockdown of Bra and Sp6-9 makes this effect even
more pronounced consistent with the general aboralization of the embryo. The numbers in the top right corner on b, ¢ show the ratio of embryos displaying
the phenotype shown on the image to the total number of embryos treated and stained as indicated on the figure. Scale bars 100 um.

preendodermal plates and gastrulate when [-catenin signaling
was suppressed by cadherin mRNA overexpression® or B-catenin
morpholino injection®. The lack of gastrulation clearly suggested
that the role of (-catenin signaling in the determination
of the endomesoderm was conserved since before the
cnidarian-bilaterian split3l. In B-catenin morphants, not only
the formation of the preendodermal plate, but also the expression
of the “saturating” genes responsible for patterning the oral

ectoderm such as Bra, FoxA and FoxB is abolished®. Strikingly,
the embryos placed in 5 uM AZK shortly after fertilization (2 hpf)
also fail to form preendodermal plates and remain spherical.
However, these embryos, unlike p-catenin morphants, express
FoxA and FoxB ubiquitously’. In contrast, in our 5uM AZK
incubation experiments starting at 10 hpf, gastrulation process
was not affected, and “saturating” oral ectodermal markers were
ubiquitously expressed in the ectoderm but never extended into
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Fig. 6 Endoderm has no influence on O-A patterning of the ectoderm.
a Fluorescence in situ hybridization shows that Bra expression does not
extend into the endoderm of the embryos (pink outline), which were placed
in 5uM AZK after the time of the specification of the endodermal domain.
b 5uM AZK incubation starting before the time of the specification of the
endodermal domain prevents endoderm formation but still leads to the
abolishment of Wnt2 expression in shControl and to the conversion of
Whnt2 into a “saturating” gene upon shBLAB knockdown (compare with
Fig. 3). The numbers in the bottom right corner show the ratio of embryos
displaying the phenotype shown on the image to the total number of
embryos treated and stained as indicated on the figure. Scale bars 100 pm.

the endoderm (Fig. 6a) suggesting that the definition of the
endodermal territory was complete prior to the onset of the
treatment. Since the “saturating” expression behavior of the oral
ectoderm markers was observed independent of the presence or
absence of the endoderm, we asked whether the same was true for
a “window” gene Wnt2. We showed that AZK treatment of the
shBLAB-injected and control embryos starting at 3 hpf sup-
pressed endoderm formation and that simultaneous knockdown
of Bra, FoxA, FoxB and Lmx (shBLAB) followed by AZK treat-
ment resulted in ubiquitous expression of Wnt2. Thus, the
knockdown of the four “saturating” genes controlling the devel-
opment of the oral domain resulted in the “saturating” expression
of the “window” gene Wnt2 both in the absence (Fig. 6b) and in
the presence (Fig. 3) of the endoderm. This suggests that, similar
to Bilateria, the roles of B-catenin signaling in defining the
endodermal territory and ectodermal patterning in Nematostella
are separable in time, and that the presence or absence of the
endoderm does not influence ectodermal patterning at least until
30 hpf when the embryos were fixed and assayed.

Discussion

As a bilaterian sister group, cnidarians provide us with a key
reference point regarding the evolution of body axes patterning
and germ layer formation. Like in ambulacrarian deuterostomes,
the definition of the future endoderm in Nematostella appears to
be the earliest patterning event and relies on B-catenin signaling.
Since both, morpholino knockdown of P-catenin and AZK-
mediated stabilization of B-catenin at 2-3 hpf lead to the failure
of the preendodermal plate formation?, it appears plausible that
a certain precise dose of B-catenin signaling is required for the
specification of the endodermal territory. Successful gastrulation
of the embryos treated with AZK after 10 hpf suggests that the
prospective endoderm is already specified by this time and that,
once defined, the endoderm becomes insensitive to B-catenin
signaling modulation at least until late gastrula stage. The
expression of the genes patterning Nematostella ectoderm begins

after the specification of the endodermal territory, and their
“window” or “saturating” behavior in response to AZK is not
dependent on the presence or absence of the endoderm. In
several investigated bilaterians, the early P-catenin signal
defining the endomesoderm appears to rely on maternal
components21-32-34 In the future, it will be important to test
how the switch from the P-catenin signaling-dependent speci-
fication of the endodermal domain to the B-catenin signaling-
dependent ectodermal patterning in Nematostella relates to the
activation of the zygotic transcription, which has been reported
to occur at some point between 2 and 7 hpf3>. Curiously, the
canonical B-catenin-dependent deuterostome endomesodermal
markers Bra and FoxA!3-1422.36-41 are never expressed in the
preendodermal plate of Nematostella. Instead, they are markers
of the blastopore lip, i.e., of the oral ectoderm, which gives rise
to the pharynx of the animal. In contrast, the expression sig-
nature and the response of the preendodermal plate to f-catenin
signaling is reminiscent of the mesodermal domain in the
echinoderm embryos®22:3242, This provides some additional
support to the hypothesis that the anthozoan endoderm and
pharyngeal ectoderm may be homologous to the bilaterian
mesoderm and endoderm, respectively®3.

Our data also allow re-evaluating the possible correspondence
of the cnidarian and bilaterian body axes. In addition to the main,
O-A body axis patterned by P-catenin signaling, anthozoans
have a second, so-called “directive” axis patterned by BMP
signaling4-46, which is strikingly similar to the situation in
Bilateria, where the P-A axis is patterned by Wnt/p-catenin
signaling, and the dorsal-ventral axis is patterned by BMP sig-
naling. The similarity can have two possible explanations: either
the last common ancestor of Cnidaria and Bilateria was bilaterally
symmetric, in which case bilaterality must have been lost in
radially symmetric medusozoan cnidarians, or anthozoan Cni-
daria and Bilateria evolved bilaterally symmetric body plans
independently but used the same signaling pathways for sym-
metry breaking and patterning?. If bilaterality indeed evolved
prior to the cnidarian-bilaterian split, the direct correspondence
of the anthozoan and bilaterian body axes can be explained by
three alternative, extensively debated scenarios. In the first sce-
nario (O-A = A-P, Fig. 7a), the O-A axis is proposed to corre-
spond to the anterior-posterior axis of Bilateria. The proponents
of this scenario stress the importance of the direct correspon-
dence of the animal-vegetal axis of the egg to the O-A axis in
cnidarians, and the conservation of the origin of the mouth from
the animal hemisphere material in Cnidaria, most Protostomia
and Deuterostomia. They argue that once the gastrulation site
switched from the animal to the vegetal pole at the base of
Bilateria, the change in the position of the blastopore did not
affect the location of the mouth and other structures. Therefore, it
was suggested that cnidarian and bilaterian apical plates—the
neurogenic territories developing at the vegetal pole in Cnidaria
and at the animal pole in Bilateria—are non-homologous!.
Finally, the role of the “anterior” Hox gene Anthox6/HoxA in the
development of the oral end and the “non-anterior” Hox gene
Anthox1/HoxF in the development of the aboral end of the
Nematostella embryo*>47 has been seen as a supporting argument
for the O-A =A-P scenario. However, HoxA and HoxF are
expressed in non-adjacent domains in the embryo in different
germ layers?’, and are located on different chromosomes in the
genome*®, in contrast to the genomically linked Hox genes, which
are expressed in staggered domains and generate a Hox code
patterning the second, directive axis under BMP control46-48:49,
Another piece of evidence against the O—A = A-P scenario is that
the apical ectodermal domains opposing the gastrulation sites
both in Cnidaria and Bilateria have a strikingly similar expression
signature making the homology of the cnidarian and bilaterian
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Fig. 7 Oral-aboral patterning regulation in Nematostella and P-A patterning in sea urchin are comparable. a-c Scenarios of the direct correspondence of
the cnidarian and bilaterian body axes. pb - polar bodies, aHox - anterior Hox gene, naHox - non-anterior Hox gene, asterisk denotes the mouth. Triangles
with a p denote the direction of the p-catenin signaling gradient. d Putative topology of the gene regulatory network of the p-catenin-dependent O-A
patterning in Nematostella. The GRN explains why the midbody domain does not expand into the oral and into the aboral domains, and why the aboral
domain does not expand into the midbody. It does not explain, however, why the oral domain does not expand aborally. @ Comparison of the early
B-catenin-dependent patterning in sea urchin and Nematostella shows clear similarities. Unfertilized egg with maternal Fz5/8 and SoxBT mRNA (future
anterior/aboral markers) and maternal Dsh protein localized at the gastrulation pole®>6¢. Upon activation of f-catenin signaling in the embryo, first in the
endomesodermal domain and then in the posterior/oral ectoderm the expression of Fz5/8 and SoxB1 is suppressed, and the anterior/aboral markers
(including the zygotic genes Six3/6 and FoxQ2) become progressively confined to one side of the axis. The axis becomes patterned by mutually repressive
transcription factors (T). Gray “T" in Nematostella indicate repressive interactions, for which candidate transcription factors are not known. Triangles with a

B denote the direction of the p-catenin signaling gradient. p? indicates that
midblastula stage®, after which the presence of nuclear p-catenin gradient

in Nematostella, nuclear B-catenin could only be experimentally detected until
is deduced based on target gene response. After preendodermal plate is

specified in Nematostella, p-catenin signaling becomes repressed there by an unknown mechanism?, possibly involving ERG42,

apical plates highly plausible®?->2, Also, the oral end of cnidarians
is characterized by a {-catenin signaling maximum, which also
appears to be a conserved feature of the posterior rather than the
anterior end both in protostome and in deuterostome Bilateria.
Thus, the second scenario (O-A = P-A, Fig. 7b) suggests that the
O-A axis of Cnidaria corresponds to the posterior-anterior axis
of Bilateria. The O-A =P-A scenario, however, does not con-
sider the importance of the Hox-dependent axial patterning in
Anthozoa. The third scenario (directive = A-P, Fig. 7c) proposes
that the directive axis of anthozoans may correspond to the
anterior-posterior axis of the ancestral bilaterian, whose blas-
topore closed in an amphistomic, slit-like fashion generating a
mouth and an anus at opposing ends connected by a through gut.
This scenario is supported by the circumblastoporal expression of
several bilaterian foregut and hindgut markers in Cnidaria and by
the role of the staggered expression of Hox genes in patterning the
directive axis in Nematostella and the A-P axis in Bilateria4*~1,52,
The directive=A-P hypothesis is somewhat hampered by the
unclear orthology of the cnidarian and bilaterian Hox genes, their
likely independent diversification in Cnidaria and Bilateria, and
their expression along the body axis patterned by BMP signaling
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and under BMP control in Nematostella>4®, which is highly
unusual for Bilateria.

Although none of the three scenarios above explains the corre-
spondence of the two anthozoan and two bilaterian body axes
without contradiction, we can assess whether any of them is sup-
ported by our new data on the mechanism of the P-catenin-
dependent patterning of the main cnidarian body axis better than
the others. Here we showed that Bra, FoxA, Lmx and FoxB define
the oral molecular identity of the Nematostella embryo and prevent
oral expansion of the more aborally expressed P-catenin targets
(Fig. 7d). We also identified Sp6-9, a “window” gene expressed in
the midbody domain, as the agent preventing the oral expansion of
the aboral domain (Fig. 7d). The whole Nematostella embryo
initially represents an aboral ectodermal territory, which is estab-
lished maternally (Fig. 7e). During the first day of development, this
territory becomes restricted to the aboral end of the O-A axis in
a [-catenin-dependent manner by “saturating” and “window”
transcriptional repressors, which form mutually repressive pairs
capable of generating sharp domain boundaries (Fig. 7e). This is
highly similar to the situation demonstrated in non-chordate
deuterostomes like echinoderms and hemichordates!3-1>28,32,
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Comparison with sea urchin reveals remarkable conservation of the
components of the axial patterning gene regulatory network
downstream of B-catenin. In sea urchin, Bra and FoxA are central in
the P-catenin-dependent axial patterning of the blastoporal
domain®>3, The midbody domain of the sea urchin embryo
appears to be defined by an Antennapedia class transcription factor
Emx>*°5, rather than by a Kriippel-like factor Sp6-9. However, the
patterning of the apical ectoderm is again accomplished by the same
components in the sea anemone and sea urchin embryos!>>0.
Importantly, not only the genes involved, but also the regulatory
logic of gradual restriction of the apical ectodermal territory by -
catenin-dependent transcription factors appears to be highly similar
in the B-catenin-dependent O-A patterning of the ectoderm in the
anthozoan Nematostella and in the posterior-anterior patterning in
sea urchin and other investigated deuterostomes, including
vertebrates! 113-1640.33 (Fig. 7e), while the situation in protostomes
appears to be more derived. Based on this remarkable similarity we
conclude that the processes of ectodermal patterning of the cni-
darian O-A axis and the deuterostome P-A patterning share a
common evolutionary origin predating the cnidarian-bilaterian
split. Thus, independent of whether the second, BMP-dependent
body axes of anthozoans and bilaterians evolved independently or
not, we propose that the cnidarian O-A and the deuterostome P-A
body axes are likely homologous (O-A =P-A).

Methods

Animals, microinjection, APC mutants, and transplantations. Nematostella
polyps were kept in Nematostella medium (16%o artificial seawater, NM) at 18 °C in
the dark and induced to spawn by placing them into a 25 °C, illuminated incubator
for 10 h. The eggs were fertilized for 30 min and dejellied in 3% L-cysteine/NM and
washed 6 times in NM. Microinjection was performed under the Nikon TS100F
microscope using Eppendorf Femtojet and Narishige micromanipulators. The APC
mutant line was generated by injecting Nematostella zygotes with 500 ng/ul single
gRNAs (protospacer 5CACAGCTATGAGGGCCAC) and 500 ng/pl nls-Cas9 (PNA
Bio, Thousand Oaks, CA, USA). Mosaic F0 animals were crossed to produce APC*/-
F1 carrying a single T insertion after the position 331 of the coding sequence of
Nematostella APC (Genbank KT381584). Heterozygous F1 were crossed to obtain F2.
In situ hybridization analysis showed that 27% of the F2 embryos expressed Bra
throughout the ectoderm of the gastrula, while 73% had normal Bra expression (N =
221). At 3 dpf, 10 out of 10 randomly selected F2 embryos demonstrating the typical
bagel phenotype similar to that of the AZK treated embryos proved to be APC~/~
when genotyped by Sanger sequencing of the mutated locus (Supplementary Fig. 1d).
For genotyping live polyps, individual primary polyps or tentacle clips were fixed by 3
washes in 100% methanol, aspirated, and dried for 20 min at 50 °C with the tube lids
open. Then, samples were digested in 30 pl of extraction buffer (10 mM Tris-HCl
pH8, 1 mM EDTA pHS, 25 mM NaCl, 200 pg/ml proteinase K) for 2 h at 50 °C, and
proteinase K was inactivated by heating the samples to 95 °C for 5 min. After pro-
teinase K inactivation, 3 pul of the digest was used as template for the PCR with the
primers flanking the locus recognized by the gRNA (APCspF 5’AGAATCCTGCA
GAAGATGAACA, APCspR 5CCTGGCATACAAAGGTGACA). The PCR product
was purified and directly sequenced with the APCspF primer. For genotyping
embryos after in situ hybridization, the embryos were dehydrated in ethanol series,
washed twice with 100% ethanol, embedded into Murray’s clear solution (benzyl
benzoate:benzyl alcohol = 2:1), imaged, washed several times in 100% methanol and
then processed as described above. During experiments, the embryos were kept in the
21 °C incubator. Blastopore lip transplantations were performed as described?. The
significance of the difference in the transplantation outcomes was assessed by per-
forming the Z score test for two population proportions (https://www.socscistatistics.
com/tests/ztest/default.aspx).

Pharmacological treatments, gene knockdown, overexpression. 1-azakenpaullone
(Sigma) used for the treatments was prepared by diluting 5 mM AZK dissolved in
DMSO with NM. Equal volume of DMSO was used to treat the control embryos.
5uM AZK was used for treating the embryos used for the RNA-Seq experiments as
well as for the transcriptional repressor X and Y search. The time windows of the
treatments are presented in Fig. le; briefly, unless specified otherwise, the embryos
were incubated in AZK or DMSO from 10 hpf (early blastula) until either 30 hpf
(late gastrula) or 72 hpf (3 dpf planula larva). For the embryos incubated from 10
until 30 hpf, RNA was extracted either immediately at 30 hpf or after a wash-out and
a 42 h long incubation in NM (i.e., at 72 hpf). Gene knockdowns were performed by
electroporation with shRNA as specified*>>. Two non-overlapping ShRNAs were
used for each of the genes to confirm the specificity of the observed phenotypes
except for the cases of Brachyury, Sp6-9, Nk, and Dlx, where two or one shRNAs
and one translation-blocking morpholino (MO) were used (Supplementary

Tables 3-4). shRNA against mOrange was used as a control for all other shRNA, and
a control MO we described previously* (Supplementary Table 4) was used to control
for the BraMO, NkIMO, DIxMO, and Sp6-9MO phenotypes. The RNAI efficiency
was estimated by in situ hybridization and Q-PCR (Supplementary Fig. 3a, b,
Supplementary Fig. 11a, b, Supplementary Table 5), and the activity of the mor-
pholinos was assayed by co-injecting them with the wild type and 5-mismatch
mRNA containing the morpholino recognition sequences fused to mCherry (Sup-
plementary Fig. 3¢, Supplementary Fig. 11c). Capped mRNA was synthesized using
mMessage mMachine kit (Life Technologies) and purified with the Monarch RNA
clean-up kit (NEB). Bra and FoxB mRNA for overexpression was also produced as
described above. A stabilized form of B-catenin was generated by removing the first
240 bp of the B-catenin coding sequence as described in°”. An ATG was added, and
the fragment, which we called -cat_stab, was cloned into an expression vector
downstream of the ubiquitously active EFIa promoter®3. Mosaic expression of the
EFla::B-cat_stab was achieved by meganuclease-assisted transgenesis, as describeds.
Primers against GAPDH were used as normalization control in QPCR.

Transcriptome sequencing and analysis. Total RNA was extracted with TRIZOL
(Life Technologies) or with GeneElute Mammalian Total RNA Miniprep Kit (Sigma)
according to the manufacturer’s protocol; poly-A enriched mRNA library preparation
(Lexogen), quality control, and multiplexed Illumina HiSeq2500 sequencing (50 bp,
single-end) were performed at the Vienna BioCenter Core Facilities. The number of the
sequenced biological replicates of different treatments is shown in the Supplementary
Fig. 2. SAMtools 1.11% was used for format conversion. The reads were aligned with
STAR® to the Nematostella vectensis genome®! using the ENCODE standard options,
with the exception that-alignIntronMax was set to 100 kb. Hits to the gene models v2.0
(https://figshare.com/articles/Nematostella_vectensis_transcriptome_and_gene_
models_v2_0/807696) were tallied with featureCounts®2, and differential expression
analysis was performed with DeSeq263. Expression changes in genes with Benjamini-
Hochberg adjusted p-value < 0.05 were considered significant. No additional expression
fold change cutoff was imposed. Transcription factor candidates were determined by
analyzing the transcriptome with INTERPROSCAN?? and filtering for genes containing
the domains described in®. The intersection between the latter set and our differentially
expressed genes comprised the models of putative transcription factors.

In situ hybridization, SEM. In situ hybridization was performed exactly as
described in* with a minor change in the fixation protocol: here, we fixed the
embryos for 1h in 4% PFA/PBS at room temperature and washed the embryos
several times first in PTw (1x PBS, 0.1% Tween 20) and then in 100% methanol
prior to storing them at —20 °C. For the single chromogenic in situ hybridization,
the RNA probes were detected with anti-Digoxigenin-AP Fab fragments (Roche)
diluted 1:4000 in 0.5% blocking reagent (Roche) in 1x MAB followed by a substrate
reaction with a mixture of NBT/BCIP as in* Imaging was performed with a Nikon
80i compound microscope equipped with the Nikon DS-Fil camera. For the
fluorescent double in situ hybridization, the hybridization protocol was similar to
the single chromogenic in situ protocol except for the changes outlined below.
FITC- and Dig-labeled RNA probes were simultaneously added to the sample.
After stringent post-hybridization washes, the embryos were blocked in the 0.5%
TSA Blocking Reagent (Perkin-Elmer) in TNT buffer for 1 h, and stained overnight
at 4 °C with anti-Digoxigenin-POD Fab fragments (Roche) diluted 1:100 in
blocking buffer. The unbound antibody was then removed by 10x10 min TNT
washes, and the fluorescent signal was developed using the TSA Plus Cyanine 3
System (Perkin-Elmer) according to the manufacturer’s protocol. The staining was
stopped by multiple TNT washes, and peroxidase was inactivated by a 20 min wash
in 1% H,O,/TNT in the dark. After that, the embryos were washed several times
with TNT, blocked as described above and stained with the anti-Fluorescein-POD
Fab fragments (Roche) diluted 1:50 in blocking buffer. Fluorescent signal was then
developed as described above using the TSA Plus Fluorescein System (Perkin-
Elmer). After stopping the staining with multiple TNT washes the embryos were
embedded in Vectashield (Vectorlabs) and imaged with the Leica SP8 CLSM.
Preparation of the samples for the SEM was performed as described in?. Imaging
was done using the JEOL IT 300 scanning electron microscope.

Phalloidin and antibody staining. For phalloidin staining of fibrillar actin and
anti-acetylated tubulin staining of cilia, the embryos were fixed in 4% PFA/PTwTx
(1x PBS, 0.1% Tween 20, 0.2% Triton X100) for 1 h at room temperature, washed 5
times with PTwTX, incubated in 100% acetone pre-cooled to -20 °C for 7 min on
ice, and washed 3 more times with PTwTx. Then, the embryos were incubated for
2 h in blocking solution (95% v/v of 1% BSA/PTwTx and 5% v/v of heat-inactivated
sheep serum). Blocked embryos were stained overnight at 4 °C in 0.4U of Alexa
Fluor 488 Phalloidin (ThermoFisher) and 0.1 pl of mouse monoclonal anti-
acetylated tubulin (Sigma) dissolved in 100 ul blocking solution. Unbound primary
antibody and phalloidin were washed away by five 10 min PTwTx washes, and the
embryos were stained for 2 h at room temperature in the dark in 0.4U of Alexa
Fluor 488 Phalloidin and 0.1 pl of Alexa Fluor 568 rabbit anti-mouse IgG (Mole-
cular Probes) dissolved in 100 ul blocking solution. After five more 10 min PTwTx
washes, the embryos were gradually embedded in Vectashield (Vectorlabs) and
imaged with the Leica SP8 CLSM.

10 | (2021)12:4032 | https://doi.org/10.1038/541467-021-24346-8 | www.nature.com/naturecommunications


https://www.socscistatistics.com/tests/ztest/default.aspx
https://www.socscistatistics.com/tests/ztest/default.aspx
https://figshare.com/articles/Nematostella_vectensis_transcriptome_and_gene_models_v2_0/807696
https://figshare.com/articles/Nematostella_vectensis_transcriptome_and_gene_models_v2_0/807696
www.nature.com/naturecommunications

ARTICLE

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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Supplementary Fig. 1: Characterization of the APC mutants. a, SMART annotation' of
the domain structure of the animal APC proteins. Cnidarian APCs have armadillo repeats
(ARM), but appear to be missing the typical 15 and 20 amino acid repeats (15 aa, CRR)
present in Bilateria and used for -catenin binding. SAMP — Axin binding domain. Red cross

on the Nematostella protein indicates the position of the frameshift mutation. b, ¢, Although
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several important domains are missing in the non-bilaterian APC proteins, Nematostella APC
appears to act via B-catenin. (b) Mosaic 4PC mutant develops multiple ectopic oral structures
such as mouths and/or tentacles (blue arrows). Upon genotyping of this polyp, the sequencing
chromatogram shows the accumulation of extra peaks around the Cas9 cutting site (orange
arrow). (¢) Mosaic expression of the stabilized form of the Nematostella B-catenin results in a
comparable phenotype. Blue arrows — ectopic oral structures. d, Genotyping shows that 10/10
3 dpf F2 embryos demonstrating the oralization phenotype are homozygous 4PC mutants
with a T insertion. The image shows a representative 4PC mutant (oral view). e-g, SEM
image of a control 3 dpf planula (e) with an elongated oral-aboral axis, a closed mouth
(asterisk), a pharynx, and an apical tuft (arrowhead) compared to a homozygous 4PC mutant
(f) and an AZK treated embryo (g). The latter two (f-g), show a flattened morphology, no
pharynx and a secondarily widely open mouth (asterisk). The representative phenotypes
shown on (e-g) are observed in all scanned embryos (n>10). h, In situ hybridization analysis
of APC and known “‘saturating” and “window” genes at the late gastrula stage. Oral views are
shown below the corresponding lateral views. The genotype of the embryo is shown in the
upper right corner of each photo. +/+ wild type; +/- heterozygous 4PC mutant; -/-
homozygous APC mutant. APC is expressed in the endoderm, the forming pharynx and in a
shallow aboral-to-oral gradient in the ectoderm. Axin and Tcf, in contrast, are expressed in an
oral-to-aboral gradient with a second area of stronger expression at the aboral boundary of the
midbody domain. APC behaves as a saturating gene in the APC mutant (just as Axin, Tcf,
Wnt3 and WntA — as previously described for AZK treatments?). Wntl and Wnt2 behave as
window genes in the 4PC mutants and upon AZK treatment?. The only discrepancy in the
expression behavior was observed in the case of Wnt4, which, for a yet unknown reason,
behaves as a saturating gene in the APC mutant, but as a “window” gene in the AZK? (red
frame). Lateral views (oral to the left) and oral views are shown. Asterisks on lateral views
indicate the blastopore.

Scale bars: b-d, h— 100 um, ¢ — 50 pm, f-g — 20 pm.
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Supplementary Fig. 2: Comparison of transcriptomes after different treatments and

expression of the repressor X candidates in DMSO and AZK. a-c, Principle component

analysis and a cluster dendrogram clearly separate the transcriptomes of the biological

replicates of the AZK treated (grey background) and DMSO treated (blue background) 30 hpf

embryos. d-f, Principle component analysis and a cluster dendrogram clearly separate the

transcriptomes of the biological replicates of the AZK treated embryos and APC mutants

(grey background) versus DMSO treated and untreated wild type (blue background) 3dpf
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embryos. AZKc — continuous AZK treatment for 3d, AZKw/o — AZK treatment from 10 hpf
until 30 hpf followed by a washout for 2 days. g-h, Identification of the saturating genes
among the ten repressor X candidates. MsxC is not detectable at 1 dpf, AshC and Unc4
increase their expression in AZK but are expressed in individual cells (g). The seven
remaining genes display a typical saturating phenotype (h). Lateral views (oral to the left) and

oral views are shown. Asterisks on lateral views indicate the blastopore. Scale bars 100 pm.
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Supplementary Fig. 3: Testing the efficiency of the shRNAs and morpholino, and
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identification of the three candidates not fulfilling the last repressor X criterion. For
each gene, two shRNAs have been selected. For Bra, a translation blocking morpholino was
used as an alternative means of knockdown (kdn). a, In situ hybridization shows reduction in

the staining intensity upon shRNA mediated knockdown of the repressor X candidates.
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Lateral views (oral to the left) are shown. b, qPCR quantification of the knockdown efficiency
for shRNAs used on (a). For each shRNA, qPCR was performed on biological triplicates
(n=3) except for shFoxA#1 (n=5). The data were normalized to GAPDH expression, and the
expression is shown in percent relative to the shControl condition (set to 100%). The box
represents the 25-75% interquartile range with the median indicated with the line, the
whiskers represent the maximum example within 1.5x the interquartile range. Individual
datum point are shown as grey dots. ¢, When co-injected, BraMO binds mRNAs containing
BraMO recognition sequence fused to the mCherry coding sequence (Bra-mCh) and
suppressed its translation. In contrast, no repression of translation is observed when BraMO is
coinjected with mRNA containing a 5-mismatch recognition sequence for BraMO fused to the
mCherry coding sequence (Bra*-mCh), (replicated twice, n>300 in each case). d, Wntl and
Wnt2 are expressed normally in DMSO and are not de-repressed in AZK upon Svb,
NVE11868 and Dac knockdown, which eliminates these transcription factors from the list of
the potential repressor X candidates. Lateral views (oral to the left) and oral views are shown.
Asterisks on lateral views indicate the blastopore. On (a) and (d), the numbers in the top right
corner show the ratio of embryos displaying the phenotype shown on the image to the total

number of embryos treated and stained as indicated on the figure. Scale bars 100 pm.
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Supplementary Fig. 4: Effects of second shRNAs and of the Bra morpholino. a, The
effects of the second shRNAs against repressor X candidates on Wntl and Wnt2 expression
are similar to the effects of the first SsBRNA. Compare to Fig. 3 in the main text. b, Injection
of BraMO has a similar effect on Wntl, Wnt2 and Wnt3 expression as shBra. In contrast, Bra
expression is clearly upregulated upon BraMO injection suggesting a negative feedback loop.
The numbers in the top right corner show the ratio of embryos displaying the phenotype
shown on the image to the total number of embryos treated and stained as indicated on the

figure. Scale bars 100 um.
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Supplementary Fig. 5: Effects of the individual knockdowns and of the simultaneous

knockdown of all four repressor X candidates on their own expression, and on the

expression of Sp6-9 and Wnt3. The same shRNAs as on Fig. 3 are used. Lateral views (oral

to the left) and oral views are shown. Asterisks on lateral views indicate the blastopore. The

numbers in the top right corner show the ratio of embryos displaying the phenotype shown on

the image to the total number of embryos treated and stained as indicated on the figure. Scale

bar 100 um. For interpretation, see main text and Supplementary Results and Discussion 1.
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Supplementary Fig. 6: Effects of the double knockdowns of all possible combinations of

the four repressor X candidates on their own expression and on the expression of Wntl,

Wnt2, and of the aboral marker Six3/6.

Lateral views (oral to the left) and oral views are shown. For interpretation, see main text and

Supplementary Results and Discussion 1. Note oral expansion of Six3/6 upon knockdowns

with shRNA combinations containing Lmx and, especially, Bra. Bra knockdown also leads to

the expression of Six3/6 at the bottom of the pharynx. The numbers in the top right corner

show the ratio of embryos displaying the phenotype shown on the image to the total number

of embryos treated and stained as indicated on the figure. Scale bar 100 pm.
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Supplementary Fig. 7: Effects of the tripple knockdowns of all possible combinations of

the four repressor X candidates on their own expression and on the expression of Wntl

and Wnt2, and the results of the blastopore lip transplantation experiments. Effects of

the triple knockdowns of all possible combinations of the four repressor X candidates on their

own expression and on the expression of Wntl, and Wnt2. Lateral views (oral to the left) and

oral views are shown. The numbers in the top right corner show the ratio of embryos

displaying the phenotype shown on the image to the total number of embryos treated and

stained as indicated on the figure. Scale bar 100 pm. For interpretation, see main text and

Supplementary Results and Discussion 1.
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Supplementary Fig. 8: Effect of the knockdown of repressor X candidates on the
inductive capacity of the blastopore lip. The ectopic axis induction capacity of the
blastopore lip fragment increases drastically if FoxA4 is knocked down in the donor and sinks

if Bra or Lmx expression in the donor is suppressed.
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Supplementary Fig. 9: Effect of the Bra, FoxA, FoxB, Lmx and Sp6-9 knockdown on
later development. a, Wnt2 and Six3/6 expression and morphology (F-actin is stained with
phalloidin, cilia are stained with anti-acetylated Tubulin antibody) of 4 day old knockdown
embryos. shBra and especially shBLAB embryos are strongly aboralized with the oral and the
midbody domain as well as mouth and pharynx disappearing. shLmx embryos are mildly
aboralized with the Wnt2 expression shifted orally and Six3/6 expression domain expanded
but with no obvious effect on the morphology. shFoxA and shFoxB embryos appear normal.
b, The proportion of metamorphosis by 10 days post fertilization. shFoxA, shFoxB and
shLmx embryos are able to compensate for the effect of the knockdown and metamorphose
normally. In shBra (19/89) and especially in shBLAB (2/139), metamorphosis is impaired. c,
Bra, Wnt2 and Six3/6 expression and morphology of the 3 day old Sp6-9 knockdown
embryos. The embryos are elongated and severely aboralized. On (a) and (¢), the numbers in
the bottom right corner show the ratio of embryos displaying the phenotype shown on the
image to the total number of embryos treated and stained as indicated on the figure. Scale bars

100 pm.
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Supplementary Fig. 11: Testing the efficiency of the shRNAs and morpholinos, and
identification of the six candidates not fulfilling the last repressor Y criterion. For each
gene except for Sp6-9, Nkl and DIx, two shRNAs have been selected. For Sp6-9, NkI and
Dlx, translation blocking morpholinos were used as an alternative means of knockdown (kdn)
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since no second functional shRNA could be found. a, In situ hybridization shows reduction in
the staining intensity upon shRNA mediated knockdown of the repressor Y candidates.
Lateral views (oral to the left) are shown. b, qPCR quantification of the knockdown efficiency
for shRNAs used on (a). For each shRNA, qPCR was performed on biological triplicates
(n=3). The data were normalized to GAPDH expression, and the expression is shown in
percent relative to the shControl condition (set to 100%). The box represents the 25-75%
interquartile range with the median indicated with the line, the whiskers represent the
maximum example within 1.5x the interquartile range. Individual datum point are shown as
grey dots. ¢, When co-injected with mRNAs containing their respective recognition sequences
fused to the mCherry coding sequence (Sp6-9-mCh, NkI-mCh, Dix-mCh), Sp6-9MO, Nk1MO
and DIxMO bind and suppress their translation. In contrast, no repression of translation is
observed when Sp6-9MO, Nk1MO and DIxMO are coinjected with mRNAs containing their
5-mismatch recognition sequences fused to the mCherry coding sequence (Sp6-9*-mCh,
Nk1*-mCh, DIx*-mCh). Replicated twice, n>300 in each case. d, Six3/6 is expressed normally
upon shRNA- or MO-mediated knockdown of six out of seven repressor Y candidates .
Lateral views (oral to the left) and oral views are shown. On (a) and (¢), the numbers in the
bottom right corner show the ratio of embryos displaying the phenotype shown on the image
to the total number of embryos treated and stained as indicated on the figure. Asterisks on

lateral views indicate the blastopore. Scale bars 100 um.
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Supplementary Fig. 12: Functional analysis of Sp6-9 and rescue experiments with Bra
and FoxB. a, Sp6-9MO does not affect Bra, FoxA, FoxB and Lmx expression. Wnt2 ring
becomes narrower, while Six3/6 and Sp/-4 expression domains expand orally. b, shSp6-9
affects Six3/6 expression in the same way as the Sp6-9MO. ¢, Six3/6MO injection leads to
aboral expansion of Sp6-9. d, Effects of the co-injection of the indicated shRNA (black
letters) and mRNA (red letters). Ubiquitous Bra expression compensates for the lack of FoxB
and rescues FoxA in its normal domain without causing ectopic overexpression. In contrast,
FoxB mRNA does not rescue the shBra effect on FoxA4 expression. Bra overexpression

abolishes Sp6-9 irrespective of the lack of FoxB, while FoxB overexpression makes the shBra
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effect on Sp6-9 milder without alleviating it completely (weaker Sp6-9 expression with a
milder oral expansion in comparison to shBra alone). Lateral views (oral to the left) and oral
views are shown. See Supplementary Fig. 5 for the shBra and shFoxB knockdown
phenotypes. The numbers in the top right corner show the ratio of embryos displaying the
phenotype shown on the image to the total number of embryos treated and stained as indicated

on the figure. Scale bars 100 um.
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Supplementary Fig. 13: SoxB1 is repressed in the midbody domain and does not seem to
be the critical regulator of Six3/6 and FoxQ2a expression. a, SoxB]! is efficiently knocked
down by two independent shRNAs, as demonstrated by in situ hybridization and gPCR (n=3;
the box represents the 25-75% interquartile range with the median indicated with the line, the
whiskers represent the maximum example within 1.5x the interquartile range. Individual
datum point are shown as grey dots). b, SoxBI knockdown does not affect the expression of
oral and midbody markers Bra and Wnt2, and appears to slightly reduce the expression of the
aboral markers Six3/6 and Fox(QZ2a at the 18 hpf pregastrula stage. The numbers in the top
right corner show the ratio of embryos displaying the phenotype shown on the image to the

total number of embryos treated and stained as indicated on the figure. Scale bars 100 pm.
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Supplementary Results and Discussion
1. Topology of the gene regulatory network

In order to understand the genetic interactions between the four factor X candidates we
analyzed their expression in individual, double, triple and quadruple knockdowns
(Supplementary Fig. 5-7). While identification of the exact topology of this network requires
stage-by-stage ChIP data for all the transcription factors from the onset of their expression
until late gastrula, we can suggest a possible topology based on genetic interactions. Upon
shRNA mediated knockdown of Bra, FoxB and Lmx become abolished. FoxA expression is
confined to the bottom of the forming pharynx, where Bra is not expressed, suggesting that
Bra activates the expression of these three genes in the area where they are normally co-
expressed with Bra (Supplementary Fig. 5). The effect of Bra knockdown on Bra expression
is more complex: while shRNA-mediated knockdown reduces the amount of Bra mRNA
(Supplementary Fig. 5), the translation blocking morpholino-mediated knockdown of Bra
upregulates the expression of Bra gene (Supplementary Fig. 4b). The most likely explanation
for this is that Bra protein may act as a transcriptional repressor of the Bra gene. In contrast,
the effects of the shRNA-mediated and morpholino-mediated knockdown of Bra on Wntl,
Wnt2, and Wnt3 expression are essentially the same (Fig. 3, Supplementary Figs. 4-5). While
Wnt2 clearly appears to be de-repressed by Bra knockdown, the expression Wntl and Wnt3
becomes abolished in DMSO and in AZK (Fig. 3, Supplementary Fig. 5). Interestingly, Wntl
is expressed in AZK in quadruple knockdowns (Fig. 3) and in triple knockdowns, whenever
shFoxA is used (Supplementary Fig. 7a). Thus, the regulation of WntI by B-catenin may still
be direct. Wnt3, in contrast, is abolished in AZK in quadruple knockdowns (Supplementary
Fig. 5b). This suggests that Wnt3 is either regulated by B-catenin indirectly via Bra and FoxB,
or that a yet unidentified “window” transcriptional repressor normally preventing aboral
expansion of the FoxA/Wntl/Wnt3 boundary (Fig. 2) becomes de-repressed in AZK upon
quadruple knockdown and suppresses Wnt3 (just like Wnt2 becomes de-repressed in shBLAB

and expands orally).

According to double and triple knockdowns followed by AZK treatment, Bra, FoxB, Lmx and
FoxA are likely to be direct B-catenin targets (Supplementary Fig. 6-7). Upon individual FoxB
shRNA knockdown, in DMSO, the ring of Wntl concentrates around the blastopore opening
and appears weaker, and in AZK, Wntl expression expands aborally but remains weak and

absent in blastopore lips (Fig. 3). Wnt2 expression in FoxB knockdown is slightly expanded
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orally in DMSO and globally in AZK, but also remains weak (Fig. 3). This is strikingly
similar to the effects we documented in wild type embryos treated with lower concentrations
of AZK?. The effect of its knockdown on the expression of the Wnt genes suggests that FoxB
might act as an enhancer of Bra and FoxA activity. The role of Lmx is also not fully clear,
since the effect of its knockdown on Wntl and Wnt2 seems to be weaker but similar to the
effect of the Bra knockdown (Fig. 3), suggesting that Bra and Lmx proteins might cooperate
in regulating the same targets. The only observable difference is that Lmx is not co-expressed
with Wnt3 (Fig. 2), which is localized to the FoxA/Bra co-expression domain, and Lmx
knockdown does not abolish Wnt3 expression (Supplementary Fig. 5). The role of Lmx and
FoxB appears to be in supporting the expression and function of Bra in their respective co-
expression domains (Fig. 2, Supplementary Fig. 5-7, see also main text), while strong FoxA
appears to suppress Bra expression in the absence of FoxB (i.e. at the bottom of the pharynx,
Supplementary Fig. 5). Similar expression of Bra upon single knockdown of FoxB
(Supplementary Fig. 5), double knockdown of FoxB+Lmx or FoxB+FoxA (Supplementary
Fig. 6), and triple knockdown of FoxB+FoxA+Lmx (Supplementary Fig. 7) points towards the
critical role of FoxB in maintaining the normal domain of strong Bra expression. One yet
unclear effect is the nearly normal expression of Bra (normal domain plus bottom of the
pharynx) and upregulation of FoxB upon double knockdown of Lmx and FoxA
(Supplementary Fig. 6), although single knockdowns of these genes reduced Bra expression
restricting it to the bottom of the pharynx (Supplementary Fig. 5). In spite of the effects of the
FoxB knockdown and the Bra knockdown on FoxA expression being highly similar
(expression is confined to the bottom of the pharynx, Supplementary Fig. 5), overexpression
of FoxB in the shBra background does not rescue the FoxA4 phenotype (Supplementary Fig.
12d). In contrast, overexpression of Bra mRNA in the shFoxB background completely
rescues the shFoxB effect on FoxA without inducing FoxA expression outside of its normal
domain (Supplementary Fig. 12d). The lack of ectopic expression of FoxA4 upon Bra
overexpression suggests that the genes encoding transcription factors repressing FoxA
aborally are not under Bra control. Identical effects of Bra, FoxB and Lmx knockdowns on the
expression of the midbody marker Sp6-9 (Supplementary Fig. 5) suggest that these factors
might co-operate in preventing the oral expansion of the expression domain of this gene.
However, Bra is clearly the key player in this inhibition: co-injection of shBra with FoxB
mRNA does not fully suppress Sp6-9 expression, although Sp6-9 appears to be much weaker
than in control, and its oral expansion appears to be less pronounced in comparison to the

shBra alone (compare Supplementary Fig. 5 and Supplementary Fig. 12d). In contrast, co-
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injection of shFoxB with Bra mRNA drastically reduces Sp6-9 expression (Supplementary
Fig. 12d). Notably, Sp6-9 knockdown does not cause aboral expansion of Bra, FoxA, FoxB
and Lmx (Supplementary Fig. 12a), suggesting that they may be suppressed by the yet
unidentified midbody genes. Similarly, it is unclear what prevents aboral expansion of the
other oral markers expressed in concentric rings, e.g. Wntl, Wnt3, Wnt4 and WntA (see Fig.
2). In contrast, Sp6-9 clearly prevents oral expansion of the aborally expressed Six3/6, Sp1-4
and SoxB1 (Figs. 4c and 5c; Supplementary Fig. 12a-b). Conversely, Six3/6 knockdown
results in the aboral expansion of Sp6-9 (although the penetrance is not too high at 55%,
N=55) (Supplementary Fig. 12¢). Since the suppression of Sp6-9 alone does not result in the
aboral expansion of Bra, it is clear that some yet unidentified factors are involved in
preventing aboral expansion of the oral and midbody genes. The deduced topology of the

genetic interactions in this GRN is summarized in the Fig. 6a.

2. Knockdown of the four oral TFs affects de novo axis formation but not the

normal gastrulation

Our analysis of the effects of the knockdowns of the four transcription factors defining
oral identity in Nematostella provided another highly surprising result. Although gastrulation
in Nematostella is abolished by B-catenin morpholino®, and ectodermal co-expression of Wntl
and Wnt3 is sufficient to induce axis and germ layer formation at any positon in the embryo
24 neither individual knockdowns nor the quadruple knockdown of Bra, Lmx, FoxA and
FoxB, affected the process of gastrulation in any detectable way. This was unexpected, since
Bra knockdown abolishes both Wntl and Wnt3, and Lmx knockdown abolishes Wntl (Fig. 3;
Supplementary Fig. 5). In order to address this discrepancy, we tested whether the expression
of our four candidate transcription factors affects ectopic axis induction by blastopore lip
transplantation (Supplementary Fig. 8). We predicted that if any of these molecules were
necessary for axis induction, their loss from the donor blastopore lip tissue would abolish its
inductive potential. Indeed, the knockdowns of Bra and Lmx nearly abolished the inductive
capacity of the blastopore lip when compared to the transplantations from Control MO or
shControl injected embryos (Z-test, p<le-5 in both cases), and FoxB knockdown significantly
reduced it (Z-test, p<0.01). This latter effect might be due to the reduced Wntl and Wnt3
expression in shFoxB embryos (Fig. 3, Supplementary Fig. 5). In contrast, the knockdown of
FoxA, which appears to be the transcriptional repressor of Wntl, strongly increased induction

efficiency (Z-test, p<le-5). This suggests that all these factors affect the ectopic axis and germ
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layer formation, while normal gastrulation in the embryo relies primarily on maternally

deposited determinants.

3. Effects of the Bra, FoxA, FoxB, Lmx and Sp6-9 knockdown on later development

We then asked what the effects of the knockdowns of the four oral TFs were in terms of
later development. Since most of the orally expressed marker genes appeared to be controlled
by Bra at the gastrula stage, we focused on analyzing the expression of the midbody and the
aboral ectoderm markers Wnt2, and Six3/6, general morphology and percentage of
metamorphosis. Among the shBra, shFoxA, shFoxB, shLmx, and shBLAB, only shBra and
shBLAB showed a strong aboralization phenotype by 4 dpf (late planula larva)
(Supplementary Fig. 9a). Marker gene expression upon individual knockdown of other three
genes appeared either normal in shFoxA and shFoxB or aboralized in shLmx, with Wnt2 and
Six3/6 expression expanding orally in more than 50% of the embryos. However,
morphologically, shFoxA, shFoxB, and shLmx knockdown embryos appeared normal for
their developmental stage (Supplementary Fig. 9a). The aboralization of shBLAB embryos
was similar but always more pronounced than that of the shBra embryos. These embryos
appeared shorter than controls, they lacked mouths and pharynges, and their endoderm
partitioning was missing or heavily disrupted. At the molecular level, the midbody marker
Wnt2 was abolished, which is different from the situation in the gastrula, and may be due to
the fact that Bra is a positive regulator of the oral Wnt genes (e.g. Wntl and Wnt3, see Fig. 3,
Supplementary Fig. 5). Consistent with the loss of the oral and the midbody domain, the
aboral marker Six3/6 was ubiquitously expressed (Supplementary Fig. 9a). This is reflected by
the percentage of the knockdown embryos capable of undergoing metamorphosis (scored at
10 dpf). In contrast to shControl injected embryos (100% metamorphosis, N=36), shFoxA
injected embryos (89% metamorphosis, N=128), shFoxB injected embryos (89%
metamorphosis, N = 28) and shLmx injected embryos (100% metamorphosis, N=54), only
21% (N=89) of the shBra injected and 1% (N=139) of the shBLAB injected embryos
underwent metamorphosis and formed primary polyps (Supplementary Fig. 9b). Normal
gastrulation followed by the loss of the pharynx and the disappearance of the Wn¢2 transcript
at later developmental stages is consistent with the previously reported results of the
CRISPR/Cas9-mediated excision of Bra locus by simultaneous use of 5 non-overlapping

gRNAs in FO°. The fact that shBra and shBLAB embryos survived until 10 dpf and had an
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uncompartmentalized but otherwise more or less normally looking endoderm (Supplementary
Fig. 9a) suggests that the death of the embryos by day 4 reported previously® may have been
caused by some unaccounted for off-target action of the gRNAs rather than by the lack of

pharynges, as it was suggested.

We then tested late developmental effects of the Sp6-9 knockdown on the morphology
and expression of the oral ectoderm marker Bra, midbody marker Wnt2 and aboral marker
Six3/6. By 3 dpf, the injection of the Sp6-9 morpholino resulted in the formation of worm-like
embryos with a shortened oral and strongly elongated aboral domain and non-
compartmentalized endoderm. The expression of the oral marker Bra and the midbody marker
Wnt2 was reduced, and Six3/6 was significantly expanded orally (Supplementary Fig. 9c).
Sp6-9 morphant embryos do not undergo metamorphosis and die at some point between 4 and

7 dpf.
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Supplementary Table 1: Transcriptional repressor X candidates

Fold change
GenelD Curated ID | 34 ApCrut | 3dAZKc | 3dAZKwo | 1dAZK vs. | LXpression
vs. WT vs. DMSO | vs. DMSO DMSO

NVEI12977 | MsxC 2.08 5.78 4.35 3.99 not expressed
NVEI14550 | Unc4 17.79 19.23 5.38 2.87 single cells
NVE20732 | AshC 13.35 13.70 4.63 3.92 single cells
NVE3568 Brachyury 8.98 9.52 2.97 3.34 oral ectoderm
NVE20630 | FoxA 10.05 12.05 5.85 5.45 oral ectoderm
NVE26195 | FoxB 45.00 40.00 5.03 4.84 oral ectoderm
NVE16579 | Lmx 5.85 4.67 2.59 3.22 oral ectoderm
NVE13527 | Shavenbaby 3.04 3.57 4.15 2.08 oral ectoderm
NVE24711 | Dachshund 4.52 4.52 4.93 1.99 oral ectoderm
NVE11868 | Zn finger protein 12.55 6.99 5.15 3.27 oral ectoderm

* NVE21786 and NVE12602 are greyed out as metabolic enzymes falsely automatically

annotated as transcription factors
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Supplementary Table 2: Transcriptional repressor Y candidates

Fold change
3d APCmut | 3dAZKc | 3dAZKwo | 1dAZK vs. |  EXpression
GenelD Curated ID vs. WT vs. DMSO | vs. DMSO DMSO

NVEI15777 | Sox14-like 0.05 0.04 0.02 0.34 single cells
NVE16639 GFI 0.37 0.46 0.39 0.23 single cells
NVE1324 FoxL2 0.06 0.34 0.41 0.57 single cells
NVE21292 | Rough 0.10 0.24 0.15 0.35 single cells
NVE17371 FoxQ2d 0.03 0.02 0.02 0.15 single cells
NVE4967 Not2 0.27 0.25 0.14 0.27 single cells
NVE4006 DMRT 0.29 0.39 0.08 0.57 single cells
NVE14608 | FoxJI 0.12 0.18 0.30 0.30 single cells/aboral
NVES8569 TBX1/10-2 0.29 0.37 0.17 0.26 endodermal
NVEI12346 Six3/6 0.06 0.04 0.03 0.14 includes aboral
NVE14268 FoxQ2a 0.04 0.02 0.03 0.12 includes aboral
NVE16373 | HoxF/Anthoxl 0.04 0.03 0.02 0.15 includes aboral
NVE21434 | FoxDI 0.09 0.03 0.03 0.04 includes aboral
NVE14554 | DRGX 0.11 0.17 0.08 0.08 includes aboral
NVE21395 Spl-4 0.26 0.12 0.46 0.28 includes aboral
NVE20898 NkS 0.08 0.08 0.40 0.23 includes aboral
NVES5430 PaxB 0.17 0.27 0.15 0.54 includes aboral
NVE7655* unknown 0.11 0.11 0.11 0.44 includes aboral
no model Sp6-9 0.08 0.31 0.24 0.60 midbody
NVE20899 | Nkl 0.07 0.28 0.07 0.35 midbody
NVES8363 DIx 0.25 0.25 0.15 0.37 midbody
NVE20892 | MsxA 0.09 0.19 0.10 0.44 midbody
NVE6876 FoxGl1 0.04 0.04 0.03 0.13 midbody
NVE21445 | Rx 0.04 0.12 0.25 0.31 midbody
NVE14243 | HES-like 0.10 0.20 0.26 0.41 midbody

* NVE7655 encodes a long uncharacterized protein, which is probably falsely automatically
annotated as a transcription factor
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Supplementary Table 3: Short hairpin RNA targets

Name Targeted sequence

shControl GCGAGTTCTTCTACAAGGTGA
shBra#2 GAAGAGATCACGAGTCTAA
shBra GAATCGCACTCAGCTTACT
shFoxA#2 GCAGGTATGCCCATGAATA
shFoxA GCTCAAGAAATCCAAGGACAA
shFoxB#2 GAGAAGACGAGGATGAACT
shFoxB GATTCCCTCTCTTCCTACA
shLmx#2 GTGTCACATTCTCCGTACAT
shLmx GCTTGAGTGTAAGAGTGGT
shSvb#2 GAACCTTAGATCGGAGAGA
shSvb GCTCCGAGAAGAGAATGTT
shNVE11868#2 GAATGACCTTGAGTGAAGA
shNVE11868 GGAGAGAGAGGTAACTGAT
shDac#2 GCAGAACAGCGAGTAACAA
shDac GACTCTACTGAGGAACATA
shSp6-9 GCTTGAGGGATCGACTTCA
shSoxB1 GCAGCACAGTCCTTTAATA
shSoxB1#2 GGATCCTACTCGAACATGT
shNk1#1 GCAAGGACTGCTTTCACAT
shDIx#1 GCTTGTCACCGCCTGTATT
shMsxA#1 GCAGTACGACGGAAGATTT
shMsxA#2 GGACTACAAAGCAACTTCT
shFoxG1#1 GAAAGCGCAGAGGAAAGAA
shFoxG1#2 GAGGAGAAGAGATTGACTT
shRx#1 GAGCTCCAACGATGGTAAA
shRx#2 GAACAAGAGCGAAAGACTA
shHES-like#1 GAGTGTGCGCTAGAAGTTA
shHES-like#2 GCTCATCAAACGAGTTCAA

See Supplementary Fig. 3b and 11b for the knockdown efficiency estimation by qPCR and in

situ hybridization
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Supplementary Table 4: Morpholino sequences

Name Morpholino sequence Reference
BraMO TCGTCCGAGTGCATGTCCGACTATG | new
DIxMO TCTGGTTTCATGTAATAGGGTACTG | new
Nk1IMO TCAGGCCGCAGCATTTGAAGC new
Sp6-9MO TCTAGTAGTTCCTGTGAGTAGACAG | new
ControlMO GATGTGCCTAGGGTACAACAACAAT |?
Six3/6MO GTACTGCCGCACTGCAAGACTTGTC |°©
B-cateninMO | TTCTTCGACTTTAAATCCAACTTCA | ?

See Suppl. Fig. 3¢ and 11c for the confirmation of the sequence-specific activity of the new

MOs.
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Supplementary Table S: Primers used for Q-PCR (marked as qF and qR) and for

cloning new gene fragments

Geneld Primer name Primer 5°->3°
NVE3568 Bra gF CGCACTCAGCTTACTCCCAA
Bra gR AGGTCGATGACTTCGGATGC
NVE20630 FoxA qF GCCATGGGTATGGCAGGTAT
FoxA R TGAAGTGCATGGGGTCGTAG
NVE26195 FoxB gF AAACAGTTACGGCAGCGCTAA
FoxB gR GGGAAAATGGTCCATGATGA
NVE16579 Lmx gF GACCGAAAGGGACATCAAAGAA
Lmx gqR GTAAGGATTGTTCGCGGTCTT
NVE13527 Shavenbaby qF | GCGATCATGGAACAAGGAACT
Shavenbaby qR | AATCCACTTCCCCCTTTCCT
NVE24711 Dachshund qF | TCCTCACCATCCACAAACTCC
Dachshund qR | GCAATATCAATGCCATTCACG
NVE11868 NVE11868 qF | ATACGACAAGAGGCCACGCA
NVE11868 qR | TCCTCCTGTTCCTCGCACTT
NVE20892 MsxA qgF ACGGAAACACAAAGCGAATC
MsxA gR TGCAGAAAACTCAGCCCTTT
NVE20899 Nkl gF GAACGGAGTGATCGAAGAGC
Nkl gR CTTGTTGGGATCGAGGATGT
NVES363 DIx qF CGCCTACTTAGGGCTGACAC
DIx_gR GTCGAGGAGCCACTGTTTTC
NVE21445 Rx_gF CTGAAGCCACAAAACATCCA
Rx gR CTTGGGTTGGAGTCGTTGAT
NVE14243 HES-like gF CTTCCACCAGCTGTCAGTCA
HES-like qR TTGAAACTGTGTGGGACCAA
NVE6876 FoxG1 gF CCAGGCAATAAAGAGGGTGA
FoxGl _gR TGATAAGCGCGTTGTACGAG
no NVE model | SP6-9 gF GCAGCCTCGTATCATCCTCC
SP6-9 qR GTGGTTCCCTACAGTCACCG
NVE23709 SoxB1 gF AAGAAATGCCTAGCCCCACA
SoxB1 gqR CTGCCGGAGGGAGATAAGTG
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Supplementary Table 5 (continued)

NVE12977 MsxC F CTGACCCGCTCAAGATCACT
MsxC R AGTAACATCTTCCGCGCTCT
NVE14550 Uncd F ATGAGAGTGAGGACGAACTTC
Unc4 R CATTCCTCGTGCTCCTTTGC
NVE16579 Lmx F GACCGAAAGGGACATCAAAGAA
Lmx R CACATCGAGGCTTGGCTTTC
NVE13527 Shavenbaby F | GCGATCATGGAACAAGGAACT
Shavenbaby R | CGCCAGAGAAACGGTATTGG
NVE24711 Dachshund F | TCCTCACCATCCACAAACTCC
Dachshund R | TCTGAATCTCGCCTCTTGCC
NVE11868 NVE!11868 F | ATACGACAAGAGGCCACGCA
NVEI1868 R | TAAATGCTCTCCCGCACTCC
NVE14608 FoxJ1 F CGTACGCGACGCTTATATGTATGG
FoxJI R CTGTTAGTCGAAATGAGCTGCTTCAG
NVE4967 Not-like F TTACCACCCACAAGCTAACGG
Not-like R TTATCGAACGTTCTGCATCCC
NVE21292 Rough F GAAACATGCAAAGTCCCTCCTTC
Rough R CGGTACAGGACTCGCCATAGAT
NVE15777 Soxl4-like F | GAAAAGACGCGCCATGAACA
Soxl4-like R | CGTTAAGCCAACGGACCTCA
NVE17371 FoxQ2d_F CGCGATAGATCAAGCTAAGACCG
FoxQ2d R CATAGATTGTTCGCCAGTGCGT
NVE16639 GFL F TCCGAGTGCAAAACTGAGGG
GFI R TCATTAGAAGAGCCCCGCTG
NVE1324 FoxL2 F TGCCACTACATTGGACACCG
FoxL2 R TGCGGAGAAAGATACGAGACAAG
NVE4006 DMRT F TGCCTTGTACCATCGCATCC
DMRT R ATTTCTGGCCACATAGGGCG
NVE20898 Nk5 F TCACAGGCTTAAAACGTCGC
Nk5 R ACCTGCTATTTGACCTACACCA
NVE14554 DRGX_F GCGAGTGTTTCTGCTCAACC
DRGX R ACTGGATGCAAGCTCTTTTGTTT
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Supplementary Table 5 (continued)

NVE21395 Spl-4 F GCATGGAAAAACTCGTCCACT
Spl-4 R TTCCAGTTCCTCGCCAATGC
NVE5430 PaxB_F ACGGGCTCCATAAAACCTGG
PaxB_R CATTGAGCGGGAACAGCAAA
NVE7655 NVE7655_F AGTGCGTCAGCAAGAGTGTC
NVE7655 R | CCATCAACTGCAGCAACGTC
NVE20892 | MsxA F ATTCACAGCAGGTTAGGCCC
MsxA R ACGCTCAAAACGATGGCTCT
NVE20899 | Nkl_F ACACGGAGGGCCAGTAAGTA
Nkl R ACAGCTCTTGACTGTTGGGA
NVES$363 DIx_F TGGCGTGTTGATAAGGCCCT
DIx R GCGTCGAGAATCAGCGATGA
NVE21445 Rx_F ACGCTGGCCATCATGTATACT
Rx_R CACGTATTAGTGCCCGGGAT
NVE14243 HES-like F AGCCTCTCTTATGCCTACTCAG
HES-like R TAAGGCTCATGTACGAAAGCA
NVE6876 FoxGl F TGGCTTCAAACACACAACAGT
FoxGl R AACGCTGACATACCCTCTTGG
no NVE model | SP6-9 F ATGCTAGCTGCAACTTGTAGT
SP6-9 R TCATGAGTCACTTAGAATGCGCG
NVE16658 | APC_F GAAAGCAGAGCGGAAACAAC

APC R

AATTCTCAATCGACGCCATC
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Abstract

Endomesoderm specification based on a maternal -catenin signal and axial patterning by interpreting
a gradient of zygotic Wnt/B-catenin signalling was suggested to predate the split between Bilateria
and their evolutionary sister Cnidaria. However, in Cnidaria, the roles of B-catenin signalling in both
these processes have not been proven directly. Here, by tagging the endogenous p-catenin protein in
the sea anemone Nematostella vectensis, we show that the oral-aboral axis in a cnidarian is indeed
patterned by a gradient of B-catenin signalling. Unexpectedly, in a striking contrast to Bilateria,
Nematostella endoderm specification takes place opposite to the part of the embryo, where B-catenin
is translocated into the nuclei. This suggests that B-catenin-dependent endomesoderm specification is
a Bilateria-specific co-option, which may have linked endomesoderm specification with the

subsequent posterior-anterior patterning.

Main text

During the early development of bilaterian embryos, B-catenin signalling is involved in two
fundamental processes occurring sequentially: it specifies the endomesoderm, and it patterns the
posterior-anterior (P-A) axis (/-71). The central role of the Wnt/ B-catenin (cWnt) signalling in the
patterning of the main body axis is not restricted to Bilateria. Expression data indicate that cWnt
signalling may regulate axial patterning in the earliest branching metazoan groups Ctenophora and

Porifera (1/2-14), and functional analyses of the last 25 years showed the involvement of the graded
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cWnt signalling in the patterning of the oral-aboral (O-A) axis in the bilaterian sister group Cnidaria
(sea anemones, corals, jellyfish, Hydra) (15-21). Moreover, nuclear localization of -catenin on one
side of the sea anemone embryo at the early blastula stage and the failure to gastrulate upon B-catenin
loss-of-function suggested that the involvement of B-catenin signalling in the endomesoderm
specification was also an ancestral feature conserved at least since before the cnidarian-bilaterian split
over 700 Mya (17, 22-24). However, in spite of convincing circumstantial evidence, there was no
direct proof for either the presence of the O-A gradient of B-catenin signalling or for the instructive
role of B-catenin signalling in the endomesoderm specification in a cnidarian. Here we ventured to
obtain such proof and close this knowledge gap by tagging endogenous B-catenin in a model cnidarian
— the sea anemone Nematostella vectensis — with superfolder GFP (25) and detecting its localization at

the time of germ layer specification and in the axial patterning phase.

Previously we showed that genes expressed in distinct ectodermal domains along the O-A
axis in Nematostella react dose-dependently to different levels of pharmacological upregulation of the
B-catenin signalling (/7). Downstream, B-catenin signalling activates a set of transcription factors,
among which the more orally expressed ones act as transcriptional repressors of the more aborally
expressed ones (/6). Like this, the initially ubiquitous aboral identity of the embryo is restricted in a
-catenin-dependent manner to the future aboral domain as the oral and the midbody domains appear
and become spatially resolved. In this process, JNK signalling appears to act agonistically with -
catenin signalling: JNK inhibitor treatment aboralizes the embryo, and JNK inhibition is also capable
of dose-dependently rescuing the oralization caused by pharmacological upregulation of B-catenin
signalling with a GSK3p inhibitor (Supplementary Fig. 1). The regulatory logic of the B-catenin-
dependent axial patterning and the complement of the downstream transcription factors is so
strikingly similar between the sea anemone and the deuterostome bilaterians that it suggests the

homology of the cnidarian O-A and the bilaterian P-A axis (/-3, 16, 26, 27).

To directly verify the presence of the oral-to-aboral B-catenin signalling gradient and the role
of B-catenin signalling in the Nematostella endoderm specification, we used CRISPR/Cas9-mediated
genome editing to generate a knock-in line, in which the nucleotides coding for the first 5 amino acids
of B-catenin were replaced by the superfolder GFP (sfGFP) coding sequence. In order to test for the
presence of the nuclear B-catenin gradient along the oral-aboral axis of the embryo, we incrossed
heterozygous F1 polyps (wild type/sfGFP-f-catenin) and allowed the offspring to develop until late
gastrula stage. As expected, approximately 3/4 of the embryos were fluorescent, however, fluorescent
microscopy of live embryos only revealed strong signal at the cell boundaries — in line with the
function of B-catenin in the cell contacts. In order to detect nuclear sfGFP-B-catenin, we fixed the
embryos and stained them with an anti-GFP antibody. Antibody staining revealed a comparatively
weak but clear nuclear signal forming an oral-to-aboral gradient in the ectoderm (Fig. 1A).

Quantification of the signal intensity in all ectodermal nuclei starting from the deepest cell of the
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pharyngeal ectoderm (relative position 0.00) and ending with the cell in the centre of the aboral
ectoderm (relative position 1.00) showed a peak of nuclear sftGFP-B-catenin in the bend of the
blastopore lip (approximately at relative position 0.20), and a second, smaller peak at the border
between the midbody and the aboral domain (approximately at relative position 0.60). Both peaks
coincide with the peaks of expression of the conserved and highly sensitive -catenin signalling target
Axin (15-17) (Fig. 1B-D). Thus, we conclude that the initial assumption that genes expressed in
distinct domains along the O-A axis and regulating its patterning react to a graded pB-catenin signal is

correct.

sfGFP-B-catenin/DAPI

C D — Axin mRNA
075 — Nuclear B-cat
5 B
<
2050
w
9
£
® 0.25
=
A
o
[}

: Y 0.00
Axin 000 0.50 ' 1.00

Relative position

Figure 1. Nuclear sfGFP-p-catenin forms a bimodal oral-to-aboral gradient in late gastrula
stage embryos. (A) Anti-GFP antibody staining detects sfGFP-B-catenin at the cell membranes and in
the nuclei. (B) Overlay of the anti-GFP signal with the nuclear staining shows the positions, at which
anti-GFP staining was quantified. The first nucleus, where anti-GFP staining intensity was measured
is located at the relative position 0.00; the last nucleus — at the relative position 1.00. (C) Axin in situ
hybridization staining intensity was measured along the pink line from the relative position 0.00 to the
relative position 1.00. (D) LOESS smoothed curves show that nuclear stGFP-B-catenin forms an oral-
to-aboral gradient with two peaks (n=6). These peaks correspond to the positions where -catenin

target Axin expression peaks as well (n=10).
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Figure 2. Comparison of the effects of the up- and downregulation of the B-catenin signalling in
Nematostella and sea urchin. The germ layers are coloured according to the cnidarian-bilaterian
germ layer equivalence hypothesis published in (28). The cartoons showing the effects of the up- and
downregulation of the B-catenin signalling are based on data from (15, 16, 23, 27, 29). MZT —

maternal-to-zygotic transition.

Our next goal was to verify the involvement of B-catenin signalling in the specification of the
endoderm in Nematostella. Previous analyses of the f-catenin-GFP mRNA injected Nematostella
embryos showed nuclear B-catenin-GFP localization on one side of the early blastula in the untreated
embryos and in all blastoderm cells of the embryos upon GSK3p inhibition (/7, 22). Moreover,
Nematostella embryos with the nuclear localization of f-catenin suppressed either by truncated

cadherin mRNA overexpression, injection of the -catenin translation blocking morpholino or B-
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catenin RNA1 did not form preendodermal plates, blastopore lips and failed to gastrulate remaining
perfect blastula-like spheres (22, 23, 30). Morphologically, this effect perfectly resembled the
gastrulation block caused by injection of the mRNA encoding truncated cadherin or the DIX domain
of Dishevelled in sea urchin (9) and led to the conclusion that the endoderm in Nematostella, just like
the endomesoderm in a number of bilaterians, is specified by an early B-catenin signal at the future
gastrulation pole of the embryo (22). Although universally accepted in the field (also by us — see for
example (17, 31)), this hypothesis was contradicted by several important observations (Fig. 2). First,
in spite of lacking preendodermal plates, B-catenin morphants ubiquitously expressed endodermal
marker SnailA, but not the zygotic aboral/anterior markers Six3/6 and FoxQ2a (16, 23). Second, upon
pharmacological activation of B-catenin signalling by GSK3f inhibitor treatment starting before 6
hours post-fertilization (hpf), the embryos also remained spherical failing to form preendodermal
plates, blastopore lips and gastrulate; however, these spheres expressed oral ectoderm markers
Brachyury, FoxA and FoxB, while endodermal markers were abolished (/5, 23). Third, loss-of-
function experiments showed that LRP5/6 and combined Fz knockdowns did not prevent endoderm
specification and gastrulation in Nematostella in spite of completely aboralizing the ectoderm of
embryo i.e. entirely disrupting its oral-aboral patterning (/5). Taken together, these data suggest that,
unlike the bilaterian endomesoderm, Nematostella endoderm specification seems to be repressed by B-

catenin signalling rather than activated by it.

Nematostella endoderm specification is an early event happening at or prior to 6 hpf (15, 16),
at which time nuclear sfGFP-B-catenin is clearly detectable in the developing embryos by fluorescent
microscopy. Hence, in order to verify the involvement of B-catenin signalling in the specification of
the endoderm, we immobilized sfGFP-B-catenin expressing embryos in low melting point agarose and
performed live imaging from early cleavage until the onset of gastrulation (Fig. 3, Supplementary
Movies 1-2). Nuclear sfGFP-B-catenin became detectable as early as during the 32-64 cell stage, and
from the very start, nuclear signal was confined to approximately 2/3 of the embryo. Nuclear sfGFP-
B-catenin became visible during every cell cycle until shortly after the desynchronization of the
mitotic divisions at midblastula (32), after which it became too weak to detect, while the sftGFP-3-
catenin signal in the cell contacts remained strong. Strikingly, in all embryos we live-imaged (n=10),
the preendodermal plate formed on the side opposite to the side where nuclear sftGFP-B-catenin was
detectable at earlier stages, i.e. early nuclear sfGFP-B-catenin was always observed on the aboral side
of the embryo. In order to make sure that what we were observing was indeed the nuclear sftGFP-f3-
catenin dynamics, we also live-imaged sfGFP-B-catenin expressing embryos, which were incubated in
the 5 uM solution of the GSK3p inhibitor alsterpaullone (ALP) from fertilization on (Supplementary
Movies 3-4). In line with the previous publications (/7, 22), upon GSK3 inhibition, fluorescent

signal was observed in all nuclei from 16-32 cell stage on, and the embryos failed to gastrulate.
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Figure 3. Early sfGFP-f-catenin accumulation is observed at the vegetal pole, opposite to the
future gastrulation site. Individual frames from the Supplementary Movie 1 showing the same
embryo over the course of development. sftGFP-B-catenin — black signal. An — animal pole, V —
vegetal pole, the preendodermal plate is highlighted pink. Note nuclear sftGFP--catenin in the
vegetal/aboral half of the embryo on (C-H). Yellow line on (C-D) demarcates the sharp boundary
between the nuclear sfGFP-B-catenin-positive and nuclear sfGFP-B-catenin-negative cells until the

loss of synchronicity in cell division on (G).

The presence of nuclear sfGFP-B-catenin on the aboral rather than oral side in the embryos
developing in the absence of ALP (Fig. 3, Supplementary Movies 1-2) suggests that in Nematostella,
unlike in Bilateria, instead of promoting endoderm specification, B-catenin signalling actually
represses it, which resolves all the discrepancies mentioned above. First, it explains why endodermal
marker Snail4 is ubiquitously expressed in the B-catenin morphants but zygotic aboral/anterior
ectoderm markers Six3/6 and Fox(2a are not (23). Second, it explains why upon treatment with a
GSK3p inhibitor prior to 6 hpf, the whole embryo acquires the oral ectoderm fate rather than the
endoderm fate (15, 23). Third, the lack of B-catenin signalling at the future oral side of the early
embryo is in line with our observation that endoderm formation is not controlled by Fz/LRP5/6-

mediated signalling (75).

Our finding that an oral-to-aboral gradient of nuclear B-catenin exists in the Nematostella

gastrula confirms a number of previous assumptions on the mode and logic of the oral-aboral


https://doi.org/10.1101/2022.10.15.512282
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.15.512282; this version posted October 16, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

patterning in this animal and is in line with the idea that the cnidarian O-A axis corresponds to the
bilaterian P-A axis (/5-17). However, our second observation that Nematostella endoderm forms in
the B-catenin-negative domain has a much greater import for the understanding of the early evolution
of the body axes and germ layers. In Bilateria, unless physically prevented by large amounts of yolk,
endomesoderm specification and gastrulation take place at the vegetal pole, i.e. posteriorly. In

contrast, in Cnidaria, gastrulation modes are highly variable. Some species gastrulate by

Nematostella
Animal Animal/Oral/Posterior
endoderm f
—>»>
Ammal / a
Vegetal Vegetal/Aboral/Anterior
Sea urchin
Vegetal \ Animal Animal/Anterior
@
endo-mesV
Vegetal Vegetal/Posterior
[ Maternal nuclear B-catenin

@P Zygotic nuclear 3-catenin gradient

|:| Nematostella oral ectoderm / Sea urchin endoderm (Brachyury, FoxA)
|:| Nematostella endoderm / Sea urchin mesoderm (ETS/ERG, Snail)
|:| Anterior ectoderm (Six3/6, FoxQ2)

Figure 4. B-catenin signalling may have been co-opted for endomesoderm specification at the

base of Bilateria.

invagination, unipolar ingression or epiboly, while others have multipolar modes of gastrulation such
as cellular, morular or mixed delamination or multipolar ingression (33). In case of multipolar
gastrulation, germ layer specification and gastrulation movements are spatially uncoupled from the

universally cWnt-dependent O-A patterning (27, 34-37). Importantly, in cnidarians with a unipolar
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mode of gastrulation, endoderm specification and gastrulation always takes place at the animal, rather
than at the vegetal pole, and in all cnidarians analysed so far, the animal-vegetal axis exactly
corresponds to the O-A axis of the embryo independent of whether they have a multipolar or a
unipolar mode of gastrulation (32, 33, 38-40). Previously, it has been proposed that the activation of
the B-catenin-dependent endomesoderm specification at the vegetal rather than at the animal pole of a
stem bilaterian resulted in the inversion of the position of the gastrulation site in Bilateria (47). Our
new data suggest a different scenario (Fig. 4). Both, in Nematostella and in Bilateria, maternal [3-
catenin accumulates in the vegetal pole nuclei, however, the specification of the endomesoderm by
this signal appears to be a bilaterian specific co-option, which linked germ layer specification,
gastrulation movements and P-A patterning. In contrast, in Cnidaria, endoderm specification appears
to be either negatively controlled by B-catenin (as in Nematostella) or not to be controlled by [3-
catenin at all (as in cnidarians with multipolar gastrulation modes), which explains the variety of
gastrulation modes observed in this phylum. Many new questions arise with this observation, for
example: 1) what causes endoderm specification and subsequent gastrulation movements in the 3-
catenin-negative domain in Nematostella and in random positions in cnidarians with multipolar
gastrulation modes, or ii) what regulatory changes tethered bilaterian gastrulation to the ancestral site
of the nuclear B-catenin accumulation at the vegetal pole? However, our data clearly suggest that the

current view on the ancestral mode of endomesoderm specification in animals needs to be re-assessed.

Materials and methods.

Animal culture and generation of the sSfGFP-f-catenin knock-in line

The animals were maintained and spawning was induced as described in (42). To generate a sfGFP-f-
catenin knock-in, a single gRNA 5’-ACCATGGAGACACACGGTAT-3’ recognising a sequence
starting at the position 134602 on the scaffold 183 of the Nematostella genome v.1 (43) was selected
using CHOPCHOP (44), and CRISPR/Cas9 genome editing was performed as described in (45). For
homologous recombination, we generated a fragment in which the first five triplets of the
Nematostella p-catenin coding sequence were replaced with the Superfolder GFP coding sequence
introduced in frame by Gibson assembly. The fragment containing the homology arms and sfGFP was
amplified using the primers 5’-GTGGAATTCGCAGCATTTCTCA-3’ and 5°-
TCAAGGATGGCTCAGCAAGC-3’, which were modified as described in (46). FO animals with
clear fluorescent patches were raised to sexual maturity and crossed to wild type to generate
heterozygous F1. To confirm the knock-in, we clipped single tentacles from individual heterozygous
F1 animals, extracted genomic DNA from them and performed PCR using the primers 5°-

GGTCGTAGATGGTACCCTAAG-3’ and 5’-CAACTCTGGGATAGCACGTGTAG-3’ located in
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the f-catenin genomic locus upstream and downstream of the homology arms. This PCR resulted in
two f-catenin locus fragments with and without the sfGFP insertion, which we confirmed by Sanger
sequencing. Genotyped knock-in animals were raised to maturity, sexed and intercrossed. The

offspring of these genotyped F1 animals was used in the experiments.

Antibody staining, in situ hybridization and staining intensity measurements

For anti-GFP antibody staining, the embryos were fixed for 1 hr in 4%PFA/PBS-TT (PBS-TT = 1x
PBS containing 0.2% Tween20 and 0.2% TritonX100) at 4°C, washed five times for 5 min in PBS-
TT, incubated for 2 hours in a blocking solution consisting of 95% BSA/PBS-TT and 5% heat
inactivated sheep serum (BSA/PBS-TT = 1% BSA w/v in PBS-TT), and stained overnight at 4°C in
rabbit polyclonal anti-GFP (abcam290) diluted 1:500 in the blocking solution. Unbound antibody was
removed by five 15 min washes in PBS-TT, then the embryos were blocked again and stained
overnight at 4°C with AlexaFluor488 donkey anti-rabbit IgG (Life Technologies) diluted 1:1000 in
the blocking solution. The unbound secondary antibody was removed by 5 washes with PBS-TT;
DAPI was added to the first wash to counterstain the nuclei, then the embryos were gradually
embedded in Vectashield (Vectorlabs). 16 bit images of the DAPI and anti-GFP staining were
obtained using the Leica SP8 LSCM equipped with a 63x glycerol immersion objective (n=6). In situ
hybridization with an RNA probe against Nematostella Axin was performed as described previously
(15, 17). The anti-GFP staining intensity was measured over all ectodermal DAPI-positive nuclei
starting from the deepest pharyngeal cell (relative position 0) to the cell in the middle of the aboral
ectodermal domain (relative position 1) using FIJI (47). Briefly, to identify the ROls, polygonal
selections were drawn to separate the pharynx ectoderm and the outer ectoderm based on DAPI
signal. Masks were then generated separately for the outer ectoderm and the pharynx ectoderm parts
of the image using the Convert to mask and the Watershed commands. To generate the ROIs for the
nuclei, particle analysis with a minimum size of 1 pm?® was performed. The resulting ROIs were then
manually checked and sorted such that they are arranged from the relative position 0 to the relative
position 1. The mean intensities in the sSfFGFP channel were measured for all ROIs. The relative
position of each nucleus was determined as a nucleus number divided by the total number of nuclei
with measured anti-GFP staining intensity in this particular embryo. Axin in situ staining intensity was
measured in FIJI (47) on in situ images (n=10) along a line drawn from the deepest pharyngeal cell
(relative position 0) to the cell in the middle of the aboral ectodermal domain (relative position 1).
The relative position corresponding to each measurement was determined by dividing the
measurement number by the total number of measurements. In order to be able to plot the relative

staining anti-GFP and Axin staining intensities on the same graph, for each embryo, the minimal
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measured staining intensity was subtracted from all intensity measurements, and then each

measurement was divided by the maximum measurement.

Live imaging

Embryos was embedded in 0.7% low-melting agarose in Nematostella medium (Nematostella
medium = 16%o artificial sea water, Red Sea Salt) in an optical bottom 35 mm Petri dish (D35-20-1.5-
N, Cellvis, US) and imaged with a 20X CFI Plan Apo Lambda Objective (Nikon, Japan) using a
Nikon Ti2-E/Yokogawa CSU W1 Spinning Disk Confocal Microscope. A 488 nm laser was used in
conjunction with a 525/30 Emission Filter (BrightLine HC, Semrock, US) and a 25 um pinhole size
disk. Images were acquired every 5 minutes using automated imaging, over 25 Z-sections covering
120 um depth. In the first experiment, the embryos were left to develop in 16%eo artificial sea water. In
the second experiment, the embryos were developing in a 5 uM solution of the GSK3f inhibitor
alsterpaullone (Sigma) from 1 hpf on. Live imaging was stopped after gastrulation was observed in
the sample developing in the absence of alsterpaullone. Since embryos placed into a GSK3p inhibitor
do not gastrulate, we continued the imaging of the alsterpaullone-treated embryos for an additional
hour in comparison to the normal embryos. During imaging, the medium in the sample dish was
continuously pumped through a tube submerged in a room temperature (~23°C) water bath to offset
heating from the microscope. This was achieved with a modified sample dish lid with two liquid
connectors, and a peristaltic pump (Minipuls 3, Gilson, US). Ten embryos were imaged together in
each experiment. After imaging, each Z-stack of images was converted into a maximum intensity

projection.
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Supplementary Figure 1. JNK-in-8 treatment dose-dependently aboralizes Nematostella
embryos and rescues oralization caused by p-catenin stabilization with azakenpaullone (AZK).

Asterisks mark the position of the blastopore.

Supplementary movie legends

Supplementary movies 1 and 2. Live imaging of the sftGFP-p-catenin dynamics during
development of the Nematostella embryo until the onset of gastrulation. Note that nuclear sftGFP-
B-catenin is visible in the interphase of every cell cycle until mid-blastula at the side opposite to where

the preendodermal plate will form and start to invaginate.

Supplementary movies 3 and 4. Live imaging of the sftGFP-p-catenin dynamics during
development of the Nematostella embryo upon GSK3f inhibition with 5 pM alsterpaullone. Note
that nuclear sfGFP-B-catenin is localized in all nuclei throughout the embryo and keeps appearing in
every cell cycle until the end of the movie, although the we filmed alsterpaullone-treated embryos for
1 hour longer than the untreated embryos shown in the Supplementary Movies 1 and 2. Also note that,
as previously reported (/, 2), in the embryos incubated in GSK3p inhibitor from fertilization on,

preendodermal plates do not form.
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Discussion

Summary

With my work on studying cWnt/B-catenin signaling in Nematostella, | was able to
manipulate the canonical Wnt/B-catenin signaling, once at the membrane level (see Paper I:
"Sea anemone Frizzled receptors play partially redundant roles in oral-aboral axis
patterning.") and once at the transcription factor level (see Paper Il: "Cnidarian-bilaterian
comparison reveals the ancestral regulatory logic of the B-catenin dependent axial
patterning."). Both points of investigation resulted in congruent and respectively supportive
outcomes. The results from the in vivo LOF experiments were further supported by the in
vitro reporter assay results (see Results Chapter I). Finally, through tagging endogenous -
catenin we found a surprising contradiction to a long-standing dogma concerning -catenin's
early mode of action in Nematostella, which significantly changes our understanding of early
Nematostella developmental programs and their relation to the developmental programs
known from the bilaterian models (see Paper lll: "B-catenin-dependent endomesoderm
specification appears to be a Bilateria-specific co-option.").

In Nematostella, zygotic patterning of the O-A axis follows cWnt/B-catenin cues. The cWnt
signaling activity sets into motion the gradual subversion of the aboral environment,
restricting it to a degree that allows for the development and patterning of the oral and
midbody domains. We showed that, like in Bilateria, Nematostella LRP5/6 is also the key co-
receptor mediating canonical Wnt signaling. Interfering with specific representatives of the
cWhnt signaling membrane complex components is sufficient to alter, and in some cases
even abolish, oral-aboral axis patterning and domain boundary establishment. This primary
axis regulation appears to be a system utilized by the common ancestral organism of
Bilateria and Cnidaria whereas endomesoderm development may be divergent.

Gastrulation and axial patterning

We still do not fully understand the role of B-catenin during Nematostella gastrulation. We
showed that RNAi-mediated suppression of Wnt/B-catenin signaling either through targeting
the membrane signaling complex of Wnt/Fz/LRP5/6 or through knockdown of the key
transcription factors downstream of B-catenin (the “oral regulatory module” of Bra, Lmyx,
FoxA, FoxB) still allowed for gastrulation, while severely affecting axial patterning.
Gastrulation, however, does require B-catenin. When injected with B-catenin morpholino or
electroporated with 3-catenin shRNA, the embryos fail to gastrulate (Karabulut et al., 2018;
Leclére et al., 2016) even despite the presence of maternal B-catenin protein clearly
detectable via the green fluorescence of the eggs laid by sfGFP-B-catenin knock-in females
(Lebedeva et al., 2022).

In order to understand the role of B-catenin in the gastrulation process it is also important to
consider its likely interactions with other signaling pathways involved in the regulation of
gastrulation. For example, inhibition of the PCP pathway, another signaling pathway in which
Whnts act, through knockdown of the PCP pathway protein Strabismus is reported to have
blocked gastrulation but not endodermal marker expression (Kumburegama et al., 2011).
Strabismus morphants in said study appeared to have problems with the apical constriction
of the endodermal plate cells and formation of the blastopore lip (Kumburegama et al.,
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2011). Blastopore closure through convergent thickening and convergent extension (Shook
et al., 2018) is regulated by Wnt11 mediated PCP signaling in Xenopus, and XWnt11
knockdown embryos also fail to internalize their endoderm (Shook et al., 2018; Van ltallie et
al., 2023). Manipulation of the MAPK signaling pathway was also shown to be able to
deregulate the completion of gastrulation in Nematostella (Amiel et al., 2017; Layden et al.,
2016). Layden and colleagues (2016) showed that embryos treated with U0126, an inhibitor
of ERK phosphorylation, initiated gastrulation, yet ultimately failed to complete it. Knockdown
of the transcription factor ERG, a conserved upstream activator as well as target of MAPK
signaling (Strittmatter et al., 2021), phenocopied the effect of the U0126 treatment (Amiel et
al., 2017). ERG morphants segregate the endodermal tissue at the blastopore but fail to fully
invaginate and complete gastrulation (Amiel et al., 2017). Curiously, Brachyury expression in
these embryos is not confined to the blastopore lip but extends into the endodermal plate,
while endodermal markers such as SnailA are not expressed (Amiel et al., 2017).

Another regulatory mode may also play a role. Differential behavior of invaginating
blastopore lip and endodermal cells does not necessarily require a chemical basis;
differences in cell shape and movement of identical cells can be driven through mechanical
physics of energy minimization in a collective context (Tamulonis et al., 2011). Biological
differentiation could result downstream of such mechanical causes changing the trajectories
of cells in a manner not driven by biochemical cues (Chan et al., 2019). Endomesoderm
triggering through mechanically induced phenomena is postulated by studies showing that
mechanosensory dependent release of B-catenin from its E-cadherin bound position frees it
to travel into the nucleus in Drosophila and Zebrafish (Brunet et al., 2013). Further, 2-cell
stage mouse embryos lacking maternally deposited E-cadherin display more B-catenin
nuclearization as it is not sequestered to the adhesion complexes (de Vries et al., 2004).
Moreover, in Nematostella, mechanical compression of the embryo resulted in the
upregulation of the expression of 3-catenin target genes and rescued their expression in the
embryos, where gastrulation movements were suppressed by a myosin light chain kinase
inhibitor treatment (Pukhlyakova et al., 2018). It remains to be discovered, however, what
signal initiates gastrulation morphogenesis (i.e. bottle cell formation in the endodermal plate
& blastopore lip formation) in Nematostella development.

Endoderm specification

Our analysis of the embryos treated with AZK at different time points showed that endoderm
specification took place very early in development (Niedermoser et al., 2022), and once
specified, the endoderm became insensitive to upregulation of B-catenin signaling
(Lebedeva et al., 2021). In line with that, in a dissociatiation-reaggregation experiment of the
gastrula stage embryos, aggregates composed solely of endodermal cells converted into
mesenchyme and did not develop further, whereas ectoderm-only aggregates, whenever
they contained Wnt1- and Wnt3-expressing cells, could re-establish the germ layers, the
body axes and develop into polyps (Kirillova et al., 2018). This supports our interpretation
that, once specified, the endodermal cells became “uncoupled” from the ectoderm and could
not revert to the ectoderm state, while ectodermal cells could become endoderm when
provided with the organizer Wnt signals (Kirillova et al., 2018; Kraus et al., 2016).
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Based on previous research (Kraus et al., 2016; Lebedeva et al., 2021; Leclére et al., 2016)
and the results of the LRP5/6 and combined Fz knockdowns not affecting endodermal
marker expression, we initially presumed that endoderm specification relied to some extent
on B-catenin, just not on zygotic cWnt/B-catenin input via the Wnt/Fz/LRP5/6 signaling
complex. However, once my fellow PhD student Tatiana Lebedeva succeeded in knocking-in
a fluorescent tag into the endogenous B-catenin locus, a completely different picture
emerged. Contrary to the previous assumptions (Lee et al., 2006; Martindale & Hejnol, 2009;
Wikramanayake et al., 2003), these knock-in embryos showed (-catenin nuclearization at
the vegetal pole, i.e. they revealed the presence of nuclear 3-catenin in all cells except the
endodermal cells in the early blastula. This implies that the lack of nuclear 3-catenin in the
endoderm of the gastrula and, reportedly, in the polyp (Lebedeva et al., 2022; Salinas-
Saavedra et al., 2018) is not due to a downregulation of B-catenin at the invaginating plate
during gastrulation, but is the continuation of a feature already present in the earliest
developmental stages. In the future, it will be important to find out which molecular
mechanism is responsible for the endoderm specification in Nematostella.

Another prominent signaling mode in metazoan endomesoderm development is the Notch
signaling pathway (Favarolo & Lépez, 2018). In zebrafish, upregulation of Notch signaling
activity leads to a decrease in endodermal cells, however, the counter-experiment of
interfering with Notch signaling does not result in more endoderm (Kikuchi et al., 2004). In
sea urchin, overactivation of Notch signaling leads to a shift of the endoderm towards the
animal pole, taking over space otherwise held by ectoderm whereas the inhibition of Notch
signaling allows the ectoderm to expand towards the vegetal pole restricting the space
usually held by endoderm (Sherwood & McClay, 2001). Notch signaling and B-catenin
signaling have been shown to interplay in multiple contexts, both synergistically and
antagonistically (Andersen et al., 2012). For example, in Drosophila wing patterning Notch
and Whnt signals rely on each other through mutual feedback loop maintenance; where Delta
(a Notch ligand) expression activates Wingless (the Drosophila Wntl orthologue) expression
and vice versa (Hayward et al., 2008). The mode of antagonistic action of Notch signaling on
cWnt however, is less well understood and could take place on different levels. For example,
Notch's transcriptional targets include co-repressors of Groucho (Favarolo & Lépez, 2018).
Groucho is a TCF-repressor which is detached from TCF upon B-catenin nuclearization
(Flack et al., 2017). At the protein level, the antagonistic mode of Notch signaling was shown
to act on a specific subpopulation of B-catenin (Kwon et al., 2011). Kwon and colleagues
(2011) showed that knockdown of Notch led to increased TCF reporter signal. Rather than
altering overall 3-catenin quantities at the protein or transcriptional level, Notch KD led to an
increase of unphosphorylated B-catenin. This "active" form of B-catenin co-precipitated with
membrane-tethered Notch, thus implying it regulates behavior of active B-catenin in the
cytoplasm (Kwon et al., 2011). The role of Notch signaling during deuterostome gastrulation,
however, is primarily focused on the segregation of the 3-catenin-positive endoderm and [3-
catenin-negative mesoderm from the initially common, (3-catenin-positive endomesodermal
domain (McClay et al., 2021). Nematostella 3-catenin-negative endoderm displays multiple
features characteristic of the bilaterian mesoderm, while Nematostella 3-catenin-positive oral
ectoderm is more similar in cell behavior and gene expression to the bilaterian endoderm
(Steinmetz et al., 2017). Therefore, an analysis of Notch signaling during the gastrulation of
our model would be very interesting, however, it seems more likely that it may be involved in
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the establishment of the boundary between endoderm and the blastopore lip than in the
establishment of the endoderm itself.

Many accepted research results may require reevaluation through our finding that
characteristics of the two poles during early Nematostella development are flipped. The most
prominent example is the case of Dishevelled. Research by Lee et al. (2007) showed that
Dishevelled protein, the essential cytoplasmic mediator of cWnt signaling, is enriched in the
cortical cytoplasm of the animal hemisphere of the oocyte and, subsequently, in the area of
the first cleavage furrow (Lee et al., 2007). At the blastula stage it is also confined to a single
pole, which is interpreted to be the animal pole, matching the previous stages (Lee et al.,
2007). Does Dishevelled relocalize after the first cleavage stages? Is aboral $-catenin
nuclearization facilitated by some other forces keeping the destruction complex in check?
How can we explain the lack of B-catenin nuclearization at the animal pole of our GFP
tagged B-catenin embryos despite the presence of Dishevelled there? Is Dishevelled
sequestered somehow at this point, which prevents it from stabilizing cytoplasmic 3-catenin
until it is time to regulate axial patterning? Or is the stoichiometry in favor of the destruction
complex components at this time and space? Previous research in Drosophila has shown
that significant Axin upregulation could render the destruction complex resistant to being
inhibited by endogenous levels of Dishevelled, whereas an increased amount of Dishevelled
did not significantly perturb the destruction complex activity (Schaefer et al., 2018; Wang et
al., 2016). Schaefer and colleagues (2020) even showed that Dishevelled might even
compete with itself for its own Axin binding domains, essentially antagonizing its own
capacity of sequestering Axin (Schaefer et al., 2020).

Receptor and ligand redundancy

Through the process of knocking down the Fz receptors in Nematostella individually as well
as in all possible combinations, a certain redundancy in relation to 3-catenin dependent
patterning revealed itself. In single Fz gene knockdowns, only Fz5 knockdown elicited the
"classic canonical 3-catenin inhibition" phenotype, i.e. the aboralization of the embryo, which
has already been studied and published several years ago (Leclére et al., 2016). Despite its
dominance over the other Nematostella Fzs as an individual, the other Fzs clearly also play
a role in transducing Wnt signals, as only the quadruple Fz-knockdown, but not any of the
triple or double knockdowns, were able to replicate the LRP5/6 LOF phenotype. Despite the
noise in the Wnt/B-catenin reporter assay in cell culture, combined Fz10+Wnt3 expression
elicited a significant level of reporter signal, next to that of Fz5+Wnt4 and Fz5+Wnt1
combinations. The phenotypes of the combined Fz+Wnt knockdowns recapitulate the in vitro
findings and further support the picture that orally expressed Fz10 may be the next in line in
terms of signaling strength and general importance in the cWnt/B-catenin pathway in
Nematostella. Further, both Fz1 knockdown, Fz10 knockdown and even more so the Fz10
MO, were often associated with a delay in development at the gastrula stage, which was
also sustained to later time points in the case of Fz10 knockdown. This suggests that Fz10-
mediated Wnt signaling may be involved in orchestrating the gastrulation movements, which,
as discussed previously, require B-catenin. The gastrulation delay phenotype was also a
characteristic of Wnt2 knockdowns. In the future, it will be important to address the potential
roles of Wnt2 and Fz10 in the blastopore lip formation and its function during the
invagination of the endoderm.
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Partial redundancies across Fz and Wnt are seen in other systems as well (Bhat, 1998;
Dong et al., 2018; Gleason et al., 2006; Matsui et al., 2005; Yu et al., 2012) and have been
demonstrated in vitro (Voloshanenko et al., 2017).

Unresolved phenotypes

Enhanced B-catenin target gene expression at the midbody/aboral
boundary

Early Wnts and many cWnt target genes are expressed orally in Nematostella (Lee et al.,
2006). Curiously, certain -catenin target genes highly sensitive to changes in B-catenin
signaling levels show an additional or enhanced expression at the boundary between the
Wnt2-positive midbody domain and the Wnt-negative aboral domain. Below, | will refer to
this area as the "ring". The presence of the ring suggested enhanced cWhnt signaling there.
By quantifying the spatial distribution of nuclear B-catenin in the embryos expressing GFP-
tagged endogenous B-catenin we revealed a "bump" of 3-catenin nuclearization in the ring,
reflective of the cWnt target gene expression patterns. The ring of enriched 3-catenin target
gene expression is evident in wildtype expression of the $-catenin target gene Axin.
Curiously, this expression is enhanced in the Fz1+4+10 triple KD, a phenotype already
detectable in some of the dual Fz1+Fz10 and Fz1+Fz4 knockdowns. Further evidence of the
enhanced cWhnt/B-catenin signaling in the ring in the triple Fz KD is the upregulated
Brachyury expression there. This is also reflected in the enhanced signal of Wnt2 expression
in the aboral-most part of the Wnt2 expression domain as well as a reduction of the
expression of the aboral marker Six3/6 at the oral boundary of its expression. Intriguingly,
the Fz1+4+10 KD, which displays enhanced Brachyury expression in the ring, displays
weaker oral Brachyury expression compared to controls.

One way to explain the ring phenotype is by possible competition between the Fz receptors
for the Wnt ligands. Although not strongly expressed at the midbody/aboral boundary, Fz5,
being the most potent cWnt/B-catenin Fz receptor. When left without competition from other
Fz proteins, Fz5 likely elicits a stronger than normal 3-catenin signaling in this area. The
reduction of the Brachyury expression in the oral domain upon Fz1+4+10 KD suggests that
even though Fz5 is expressed in an aboral-to-oral gradient, its quantity on the oral end of the
embryo is negligible, and its higher signaling capacity cannot compensate for this.

Addressing the generation of enhanced B-catenin in this ring domain of the gastrula also
requires addressing how one could explain a cwnt signaling mode so far away from the oral
Wnt expression hub at this stage (with exception of Wnt2). In the introduction, | briefly
mentioned the studied modes of extracellular Wnt transport and the Wnt characteristics
which may complicate its free movement post-secretion. The mechanisms of extracellular
Wnt movement in Nematostella are still unknown. For example, Wnt4 KD closely
phenocopies Fz5 KD, which suggests that they are likely signaling partners. However, it is
unclear how orally expressed Wnt4 reaches the aborally expressed Fz5. The potential
interactions of Fz5 and Wnt3 would follow the same logic. Interactions of oral Wnts with the
other Fz, the expression of which lies in close proximity to the oral Wnt expression domains,
would not require such a lengthy travel. Teams around Pani & Goldstein (2018) and
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Recouvreux et al. (2023) visualized Wnt movement in vivo in C.elegans, an organism in
which, similar to Nematostella, the strongest Fz (MOM-5) expression maximum is not at the
site of Wnt maxima but at the opposing side. These teams demonstrated that freely diffusing
Whnits could travel from their posterior site of origin all the way to the anterior of the embryo
congruous with a model of free diffusion (Recouvreux et al., 2023), seen in axons as well
(Pani et al., 2023). Furthermore, it was shown that Wnts could travel half the length of the
embryo in under a minute (Recouvreux et al., 2023). These findings would suggest that the
long-range interactions of Nematostella oral Wnts with the aboral Fz5 through means of
diffusion may be less unlikely than previously thought. In the future, it will be interesting to
test which Wnt ligands are responsible for the signaling in the “Axin ring” by performing
simultaneous KDs of Fz1+4+10 together with each of the Wnt ligands.

Simultaneous weakening and expansion of Brachyury expression

In the FoxB, Wntl and Wnt3 knockdowns (and all the combinations that involve either one of
these) the expression domain of Brachyury expands both aborally, towards the midbody
("outward expansion"), as well as further orally, invading the bottom of the pharyngeal
domain ("inward expansion"). The surface area of expression increases while the expression
strength changes differentially concerning the 2 directions of expansion. The Brachyury
expression of the outward expanding domain appears weaker than the enhanced signal
strength detected for the inward expanding domain. Apart from visualizing the weakened-
despite-expanding Brachyury oral domain through ISH (in situ hybridization), the inductive
capacity of the blastopore lip was also shown to be reduced in FoxB knockdowns (Lebedeva
et al., 2021). ERG-MO embryos also showed weaker FoxB expression (although not
abolished) and also displayed an expansion of Brachyury's oral expression domain (Amiel et
al., 2017). To explain this phenotype further research is necessary.

Outlook

It would be interesting to work out the further implications of the structural differences
between different Wnts and Fzs on their binding preferences and signal propagation
compatibility in cell culture. For example, investigating if Nematostella Wnts reflect to some
extent the 2 binding groups for LRP5/6 regions E1E2 vs. E3E4. Especially the domain
swapping of cytosolic domains across the different Nematostella Fz as well as between
Nematostella and human Fz is compelling. This could give clues as to which characteristics
explain the different signal induction capacities across the different Nematostella Fz. It would
also be interesting to see if co-expression of Nematostella Dishevelled would bring signaling
levels up to those seen in the reporter assay results obtained when expressing human Fz. If
this were the case, it could suggest that certain intracellular domains of the Nematostella
membrane complex may not work together with the endogenous human Dishevelled as
intended.

Further research is necessary to be able to update our working model of early 3-catenin
dependent developmental processes and their implications for our understanding of the
Nematostella MZT (maternal to zygotic transition). Does [3-catenin nuclearization happen
prior to the MZT, and if yes, does pre-MZT-nuclearization "prime" the zygotic transcriptional
response as seen in Xenopus (Blythe, 2009; Blythe et al., 2010)? How is this related to the
cWnt/B-catenin chromatin modulation, and subsequent effects on target gene expression,
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seen in regenerative processes (Pascual-Carreras et al., 2023)? Previous studies showed
that B-catenin/TCF function prior to MZT can suppress [(-catenin target activation and dorsal
program activation post MZT, whereas blocking B-catenin/TCF function at MZT or post MZT
does not prevent the implementation of the dorsal program, showing that the maternal -
catenin activity and zygotic B-catenin activity hold different, sometimes mutually exclusive,
functions and capabilities (Blythe, 2009; Hamilton et al., 2001; Heasman et al., 2000; Yang
et al., 2002). Is this down to the same or similar mechanisms of pre-transcriptional chromatin
modulation?

What keeps our GFP-tagged B-catenin from nuclearization in the pre-endodermal plate? Is it
enhanced activity of the destruction complex, the differences of destruction complex
component availability or some completely different mechanism? These and many more
enticing questions arise from our findings.

Scientific contribution of the PhD project

In my work, | was able to start addressing a long-standing question of the relative relevance
and functions of Nematostella Wnt and Fz in cWnt/B-catenin-dependent axis patterning. We
showed which components featured most prominently and had the greatest functional
impact on cWnt/B-catenin signaling in early development of Nematostella. My functional in
Vivo experiments were supported by my in vitro assays and demonstrated the strongest
cWnt/B-catenin signaling roles are taken on by a small number of representatives (i.e.
LRP5/6, Fz5, Fz10, Wnt3, Wnt4). The fine-tuning of cWnt/B-catenin signaling involves a
more complex network of nearly all membrane complex representatives taking on more
subtle roles in regulating proper embryonic development of Nematostella vectensis. | also
contributed to the analysis of the roles of B-catenin signaling and transcription factors
downstream of B-catenin in the processes of germ layer specification, gastrulation, and axial
patterning. Much of the generated data allows for further research into the peculiarities of 3-
catenin signaling in early Nematostella development and how it might place in the
evolutionary development of this signaling cascade's functions and mechanisms of action.
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