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ARTICLE INFO ABSTRACT

Keywords: The cadherin-catenin complex is a conserved, calcium-dependent cell-cell adhesion module that is necessary for
Cnidaria normal development and the maintenance of tissue integrity in bilaterian animals. Despite longstanding
Nem_atUStena evidence of a deep ancestry of calcium-dependent cell adhesion in animals, the requirement of the cadherin-
Ca1c1u@ catenin complex to coordinate cell-cell adhesion has not been tested directly in a non-bilaterian organism. Here,
égg}ejr?s we provide the first analysis of classical cadherins and catenins in the Starlet Sea Anemone, Nematostella
Catenin vectensis. Gene expression, protein localization, siRNA-mediated knockdown of a-catenin, and calcium-

dependent cell aggregation assays provide evidence that a bonafide cadherin-catenin complex is present in
the early embryo, and that a-catenin is required for normal embryonic development and the formation of cell-
cell adhesions between cells dissociated from whole embryos. Together these results support the hypothesis that
the cadherin-catenin complex was likely a complete and functional cell-cell adhesion module in the last common
cnidarian-bilaterian ancestor.

Summary statement: Embryonic manipulations and ex vivo adhesion assays in the sea anemone, Nematostella
vectensis, indicate that the necessity of the cadherin-catenin complex for mediating cell-cell adhesion is deeply
conserved in animal evolution.

1. Introduction

The evolution of cell-cell adhesion mechanisms has long been
associated with the development of complex multicellular organisms
(Abedin and King, 2010; Grosberg and Strathmann, 2007; Knoll,
2011). Early investigators interested in the origins of metazoans
(multicellular animals) first studied the aggregation of the dissociated
cells of sponges as a means of exploring how cell adhesion contributes
to tissue organization and self- / non-self-identity (Wilson, 1907).
From these initial investigations, hints of the molecular basis of
animal cell adhesion emerged, as it was discovered that cell-cell
adhesion was dependent on the presence of calcium in a diversity of
organisms from sponges to sea urchins (Herbst, 1900; Maas, 1906).
This property of calcium-dependence led to the discovery of the
cadherin trans-membrane protein family in tissue culture cells
(Takeichi, 1977), which, together with their key intracellular binding
partners the catenins, constitute a protein complex (the cadherin-
catenin complex; CCC) that is essential for cell adhesion in complex
bilaterian animals (Halbleib and Nelson, 2006; Miller et al., 2012;
Takeichi, 1988).

* Corresponding authors.

The CCC mediates cell adhesion in tissues by coupling neighboring
cells at the Adherens Junction (AJ), and is required for normal
development and the maintenance of organized adult tissues in
complex animals (Fig. 1A) (Gumbiner, 2005; Harris and Tepass,
2010; Larue et al., 1996; Nelson, 2008). A fundamental tissue building
block of all animal body plans is a simple epithelium, which compart-
mentalizes specialized internal conditions from the external environ-
ment (Cereijido et al., 2004; Miller et al., 2012). The CCC creates a
mechanical connection between epithelial cells by linking classical
cadherin adhesion proteins to the actin cytoskeleton (Borghi et al.,
2012). In the presence of calcium, the calcium-dependent adhesion
domains (CADs) of opposing cadherins become structurally rigid and
interact with each other in the extracellular space (Nagar et al., 1996).
In the cytoplasm, cadherins bind to [-catenin through a conserved
motif in the unstructured cytoplasmic tail. 3-Catenin in turn binds to a-
catenin, a filamentous (F-) actin-binding protein that links cadherin
adhesions to the cytoskeleton at the AJ (Fig. 1A)(Aberle et al., 1996;
Buckley et al., 2014). Mutations in the CCC produce catastrophic
developmental defects that manifest as failures in gastrulation and
morphogenesis in the early embryo, and in most cases result in
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Fig. 1. Cadherin/Catenin proteins in the genome of N. vectensis versus other animals. A. (top) schematic representation of the adherens junction (yellow) linking the cortical
actomyosin network (red) between neighboring cells; (bottom) illustration of the cadherin-catenin complex within the adherens junction, with calcium-dependent interactions between
cadherins (green), are linked by - (blue) and a-Catenin (yellow) to F-Actin (red). B. The presence, absence, and abundance of cadherin/catenin components across animal lineages and
non-animal relatives, with a phylogenetic tree for reference. C. The cadherin-catenin complement from N. vectensis in comparison to representative vertebrate orthologs. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

developmental arrest (Costa et al., 1998; Kane et al., 1996; Larue et al.,
1996, 1994, Stepniak et al., 2009; Torres et al., 1997).

Due to its crucial role in bilaterian model organisms, cell-cell
adhesion mediated by the CCC has been proposed to be a fundamental
ancestral innovation in metazoans coincident with the evolution of
multicellularity. Genes encoding core components of the CCC are
present in the genomes of all sequenced metazoan phyla, and are
partly or wholly absent from the genomes of closely related non-
metazoan lineages (Fig. 1B) (Abedin and King, 2008; Hulpiau and van
Roy, 2011; Miller et al., 2012; Nichols et al., 2006, 2012). However
bioinformatics studies have demonstrated that the components of the
complex have a deep ancestry that far predates animal multicellularity
(Miller et al., 2012), and have cast doubt on whether the CCCs of
basally branching animal phyla are likely to function in epithelial cell-
cell adhesion (Belahbib et al., 2018).

Experimental evidence suggests that the CCC arose from two
independent modules, an extracellular cadherin adhesion module and
a cytoplasmic catenin and actin-binding module, that were co-opted
into a single functional complex at some point in early animal evolution
(Miller et al., 2012). The slime mold Dictyostelium, a distant animal
relative, lacks cadherins entirely, but has an a-catenin/p-catenin actin-
binding module that is necessary to organize an epithelia-like structure
(the fruiting body) during its multicellular life history stage (Dickinson
et al., 2011). Choanoflagellates, which are the eukaryotic sister group of
metazoans, have cadherin-like proteins which contain CAD domains,
but lack classical cadherin catenin-binding motifs, and their genomes

entirely lack a B-catenin ortholog: instead, choanoflagellates rely on C-
type lectin-like proteins and cell-extracellular matrix (ECM) adhesion
to join daughter cells of incomplete mitoses together in a limited
multicellular development (Abedin and King, 2008; Dayel et al., 2011;
Fairclough et al., 2010; Levin et al., 2014). Sponges (Porifera), one of
the earliest animal lineages, have a full set of CCC genes (Srivastava
et al.,, 2010) and some descriptive evidence suggests that CCC
components localize to cell junctions (Miller et al., 2018; Nichols
et al., 2012; Schippers and Nichols, 2018), but experimental evidence
also indicates that secreted glycoprotein ‘Aggregation Factors’ and
ECM may be responsible for organizing sponge cell-cell adhesion
(Misevic and Burger, 1993; Varner, 1995), and there is currently no
direct experimental evidence suggesting that the CCC is necessary for
adhesion in sponge tissues.

While the necessity for the CCC in coordinating cell adhesion in a
non-bilaterian animal has not been demonstrated, recent evidence
from in vitro biochemical studies of the CCC in the cnidarian sea
anemone, Nematostella vectensis, has suggested that its core functions
are conserved across all eumetazoans (cnidarians and bilaterians)
(Clarke et al., 2016). N. vectensis has a complete set of CCC proteins:
its genome encodes two exceptionally long classical cadherins,
Cadherin 1 and Cadherin 3, each of which possesses 31 extracellular
cadherin repeats (Pukhylakova et al., pers. communication; see
acknowledgements), and a single ortholog of B-catenin and a-catenin
(Hulpiau and van Roy, 2011) (Fig. 1C). Despite moderate sequence
dissimilarities to their vertebrate orthologs, these proteins form a
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ternary complex with a 1:1:1 stoichiometry similar to their vertebrate
counterparts (Clarke et al., 2016). This suggests that the CCC could be a
functional adhesion module in N. vectensis, but this hypothesis
remains to be tested in the organism.

Here, we provide the first analysis of classical cadherins, and a- and
[B-catenin during early development of N. vectensis, as well as insight
into their necessity for cell adhesion during development through
functional perturbation of a-catenin. Together, gene expression, pro-
tein localization, siRNA-mediated knockdown of a-catenin, and cal-
cium-dependent cell aggregation assays provide novel evidence sup-
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porting the presence of a bonafide CCC in early embryonic develop-
ment in N. vectensis.

2. Results

2.1. a-Catenin, -catenin, and Cadherin 3 are expressed ubiquitously
in the early embryo

We examined the expression and localization of Cadherin (Cad.) 1
and 3, and a- and P-catenin from early cleavage through mid-larval
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Fig. 2. N. vectensis a-catenin, f3-catenin, and Cadherin 3 are co-expressed in the early embryo and localize to apical cell junctions. A. Schematic of normal development in N. vectensis;
arrows indicate invagination movements at the onset of gastrulation, asterisk indicates the blastopore, and red line indicates the timing of zygotic gene expression. Whole-mount in situ
hybridization of a-catenin Bi - Biii), S-catenin (Ci - Ciii), cadherin 3 (Di - Div), and cadherin 1 (Ei - Evi) from early embryonic through mid-larval stages. Insets in Biii, Ciii, and Diii are
blastoporal views of embryos bisected with the blade of a 22-gauge syringe to show internal staining; inset in Eii is a blastoporal view of a whole gastrula-stage embryo. Fi-iv. confocal
maximum projection of a 6-h blastula embryo co-injected with fluorescent fusion mRNAs encoding a-catenin: mNeonGreen (Fi), B-catenin: mTagBFP2(Fii), and Cadherin 1: mScarlet
(Fiii); images are of a single embryo, but representative of 3 separate experiments of 20 or more embryos each. Scale bars are 50 um throughout.
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stages in the embryo using whole-mount in situ hybridization; hybri-
dizations with anti-sense probes (Fig. 2) were compared to sense
probes as a negative control (Supp. Fig. 1). During development, the
first epithelial tissue forms in the early blastula stage embryo, following
multiple rounds of synchronous cell divisions during cleavage stages
(Fig. 2A) (Fritzenwanker et al., 2007). Zygotic gene expression begins
during the blastula stage prior to the onset of gastrulation, and thus it
can be inferred that transcripts detected in earlier stages are likely
maternally provisioned (Helm et al., 2013). Gastrulation via invagina-
tion follows, along with the establishment of the endoderm, and these
cell movements and fate specifications comprise the major morphoge-
netic and transcriptional events during early embryogenesis (Fig. 2A)
(Magie et al., 2007; Rottinger et al., 2012).

In situ hybridization showed that mRNAs encoding a- and B-
catenin are co-expressed ubiquitously at all observed stages (Fig. 2Bi-
iii, Ci-iii). Cad. 3 mRNA is also expressed ubiquitously in a similar
manner, with the notable difference of higher levels of expression in the
blastopore lip and pharyngeal ectoderm in the early planula stage
compared to the catenins (Fig. 2Di-iii). Cad. 3 expression in this
blastoporal domain appears to expand into a broader oral expression
pattern in the late planula stage, and is maintained at higher levels
relative to the rest of the embryo (Fig. 2Div).

2.2. Cadherin 1 is more highly expressed following the onset of
gastrulation, in the forming endoderm and in an aboral domain

Cad. 1 expression was undetectable by in situ hybridization in early
cleavage stages compared to Cad. 3 (Fig. 2Ei), but becomes much
higher at the onset of gastrulation in a domain inside the invaginating
blastopore (Fig. 2FEii). This domain appears to be restricted to the
internal pre-endodermal plate and excluded from the blastopore lip
ectoderm, and persists throughout gastrulation (Fig. 2Eiii). Beginning
in the early planula stage, a second domain of Cad. 1 expression is
detected at the aboral tip of the embryo and expands orally as
development progresses (Fig. 2Eiv; white arrow). At the late planula
stage, there appears to be a discrete boundary between the high level of
expression of Cad. 3 in the oral ectoderm, and the expression pattern of
Cad. 1 in the medial and aboral ectoderm (Fig. 2Div & Evi; black
arrows); it should be noted that Cad. 3 expression is present in the
aboral ectoderm, although at a lower level than in the oral ectoderm.

2.3. a-Catenin, -catenin, and Cad. 3 co-localize to apical cell-cell
Junctions in the early embryo

We investigated the subcellular localization of a-catenin, -catenin
and Cad. 3 using mRNAs encoding fluorescent fusion proteins. mRNAs
were co-injected into fertilized eggs, and fluorescent protein localiza-
tions were detected at the blastula stage by confocal fluorescence
microscopy. Proteins encoded by mRNAs of a-catenin: mNeonGreen
(Fig. 2Ei), B-catenin: mTagBFP2 (Fig. 2Eii), and Cad.3: mScarlet
(Fig. 2Eiii) co-localized to cell-cell contacts at the boundary of the
lateral and apical membrane of all cells in the blastula. Prominent
staining of all proteins was also detected at tri-cellular junctions
between cells.

2.4. Perturbation of the cadherin-catenin complex by knockdown of
a-catenin produces variable gastrulation defects that emerge after the
onset of gastrulation

a-Catenin was used as an experimental proxy to assay for a function
of the CCC in cell adhesion due to its key role as a structural link
between intercellular cadherin adhesions and the internal actin cytos-
keleton at the Adherens Junction in bilaterian model systems
(Herrenknecht et al., 1991; Rimm et al., 1995). RNA interference
(RNAI) using short-hairpin RNAs has recently been demonstrated to be
an effective strategy for experimental gene perturbation in
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Nematostella (He et al., 2018); due to its efficiency and ease of use,
we chose to use a similar approach using short interfering RNAs
(siRNAs). To validate this methodology, we first targeted a gene,
FGFa2, previously knocked down using morpholinos — preliminary
experiments showed that micro-injection of two separate test siRNAs
to FGFa2 reproduced the previously published morpholino phenotypes
(Rentzsch et al., 2008) (Supp. Fig. 2). Two siRNAs targeting different
regions of the Nv a-catenin transcript were tested independently and in
combination: microinjection of both siRNAs produced the most
reproducible phenotype and the largest extent of knockdown, and this
condition was therefore used in further experiments (Supp. Fig. 3).

The defects observed in a-catenin siRNA-injected embryos were
variable, and appeared to be associated with gastrulation at 36 h.p.f.,
including: mild exogastrulation or blastoporal protrusion, and a
general disorganization or lack of tissue integrity of the forming
endoderm early in development (Fig. 3A). As corroborative, indepen-
dent evidence, a series of a-catenin morpholino knockdown experi-
ments were also carried out. The defects induced by morpholinos
targeted to the start codon of a-catenin appeared to phenocopy those
produced by a-catenin siRNAs (Fig. 3A). To quantify the timing and
extent of siRNA-mediated gene knockdown, we performed a series of
qPCR experiments over a developmental time-series; this revealed that
a-catenin mRNA levels did not decrease substantially until later in
development, and decreased gradually from 72.5% relative expression
at 8h.p.f. to 40.9% at 40 h.p.f. (Fig. 3B).

We explored two hypotheses to explain why a cohesive endodermal
epithelium failed to form in a-catenin siRNA-injected embryos. We
theorized that a-catenin knockdown caused either: (1) a breakdown in
the mechanism of morphogenesis before gastrulation resulting in
abnormal internalization of cells into the embryo; or (2) a structural
compromise of the endodermal epithelium after gastrulation resulting
from weakened cell-cell adhesions, or a loss of capacity to form new
adhesions. To test whether gastrulation began normally by invagina-
tion, embryos were observed over a time course corresponding to the
period from the onset of gastrulation (18 h.p.f.) to the time of contact
between the pre-endodermal plate and the aboral end of the blastocoel
(24 h.p.f.) (Fig. 3C). During this time, gastrulation appeared to begin
normally by invagination in control and a-catenin siRNA-injected
embryos. Minor defects in pharyngeal morphology were apparent in
some a-catenin siRNA-injected embryos at 20 h.p.f., and a reduced
blastocoelar space and partial delamination of the endodermal epithe-
lium was evident at 24 h.p.f. (Fig. 3C). We quantified these data into 3
general phenotype categories at the completion of gastrulation: dis-
ordered endoderm, exogastrulation, and normal gastrula (Fig. 3D). The
endodermal disorganization defect appeared to be the more robust
defect in a-catenin siRNA-injected embryos (48.2%; n=60 in 3
independent experiments). Exogastrulation (15.4% in a-catenin
siRNA-injected embryos) may be a general injection phenotype as a
similar percent of control injections (9.5%) had this defect (Fig. 3D).

By 2 d.p.f., clear defects in tissue organization in the endoderm
were apparent in a-catenin siRNA-injected embryos. These defects
were a general disorganization and delamination of the endoderm,
which in severe cases appeared as a bolus of non-adherent cells
(Fig. 3E). When viewed from the oral end of the embryo, the lack of
endodermal tissue integrity appeared to result in a failure to form pre-
mesentery pouches (blastoporal views; Fig. 3E). As development
progressed into larval stages, a-catenin siRNA-injected embryos failed
to produce normal musculature and mesenteries at 4 d.p.f., and
subsequently failed to undergo normal metamorphosis and tentacle
morphogenesis (Fig. 3F). At 10 d.p.f., when metamorphosis is complete
in control fertilization cultures, a larger proportion of a-catenin siRNA-
injected embryos either died or failed to undergo metamorphosis into
normal polyps (23.1% abnormal and 53.7% dead: n =100 in each of 3
independent experiments) compared to control embryos (9.8% abnor-
mal and 13.7% dead; n =100 in each of 3 independent experiments)
(Fig. 3F).
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Fig. 3. knockdown of Nv a-Catenin produces gastrulation defects that disrupt metamorphosis. A. Embryos injected with a-catenin siRNAs or start codon-targeted morpholino versus
control siRNA at 30 h.p.f., stained for DNA (propidium iodide, magenta), and F-Actin (Alexa-Fluor 488 Phalloidin, green). B. RT-qPCR analysis of Nv a-Catenin expression levels over
time in embryos injected with a mixture of siRNA 1 and 2. C, E. Embryos injected with a 1:1 mixture of siRNAs versus control embryos across a series of developmental stages during
gastrulation (C), and subsequent larval growth (E), stained as in A. D. quantification of phenotypes at 2 days post-fertilization. F. quantification of phenotypes at 10 days post-
fertilization. G. In situ hybridization for endoderm (snailA, hnfl), gastrulation (foxA, brachyury), and axial patterning (foxB, dlx, six3/6) markers in treated versus control embryos at
early planula stage. Scale bars are 50 um throughout. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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We also tested whether defects in a-catenin siRNA-injected em-
bryos were due to differences in the degree of knockdown of a-catenin
expression within the embryo. We performed in situs for Nv a-catenin
mRNA in control and a-catenin siRNA-injected embryos, and control
and knockdown in situs were developed in parallel for the same
amount of time in all experiments. The expression level of Nv a-
catenin mRNA in a-catenin siRNA-injected embryos was generally
much weaker than that in controls, with higher levels of expression
evident only mosaically in a small number of cells (Fig. 3G).

Overall, these results indicate that the morphological defect in the
endodermal epithelium in a-catenin siRNA-injected embryos was not
due to a defect in cell movements that disrupted gastrulation, but
occurred after normal gastrulation.

2.5. Gene expression analysis indicates normal patterning of the
endoderm, blastopore, and primary body axis in a-catenin RNAi-
injected embryos

The endodermal defect in a-catenin siRNA-injected embryos could
be the result of the loss of the proper specification of the presumptive
endoderm, or patterning of the blastopore or the primary body axis.
This could be due to either indirect effects on conserved signaling
functions of Nv B-catenin (Wikramanayake et al., 2003), or direct
effects through a novel patterning role for a-catenin in N. vectensis. To
test this hypothesis, we performed a series of in situ hybridizations of
markers of tissue specification (Fig. 3G): the presumptive endoderm
(snailA and hnfl; (Kirillova et al., 2018; Magie et al., 2007; Steinmetz
et al., 2017)); patterning of the blastopore (brachyury and foxA;
(Fritzenwanker et al., 2004; Martindale et al., 2004)); and, oral-aboral
axial patterning (foxB, dlx, and six3/6; (Magie et al., 2005; Ryan et al.,
2007; Sinigaglia et al., 2013)) (Fig. 3G).

In a-catenin siRNA-injected embryos, SnailA and HNFI appeared
to be expressed normally in internalized cells, although in cases where
blastoporal protrusions were evident neither endodermal marker was
expressed. Brachyury and FoxA appeared to be expressed normally
around the blastopore, but normal pharyngeal expression was partially
ablated. FoxB, Dlx, and Six3/6 are transcription factors with oral,
medial, and aboral domains of ectodermal expression, respectively, and
all three were expressed in their normal positions along the oral-aboral
axis. However, blastoporal protrusions were within the ring of oral
FoxB expression indicating that this tissue is not expanded, externa-
lized pharyngeal ectoderm. In some cases, small patches of Six3/6
expression was observed more orally in a-catenin siRNA-injected
embryos compared to the normal restricted distribution in aboral
domains (Fig. 3G).

These results indicate that a-catenin siRNA knockdown generally
produced normally patterned embryos with an intact oral-aboral axis
and properly specified, internalized endoderm. These embryos were
capable of swimming for several days, but were ultimately non-viable
and failed to undergo metamorphosis into primary polyps. Thus, the
main phenotype produced by RNAi knockdown of a-catenin may be a
mechanical failure that caused delamination of the endodermal epithe-
lium after the onset of gastrulation, which resulted in an internal mass
of non-adherent cells in place of a coherent tissue.

2.6. Cell adhesion is inhibited by a-catenin knockdown and removal
of calcium in an ex vivo cell aggregation assay

We sought to determine whether the apparent restriction of the
embryonic a-catenin knockdown phenotype to the endoderm was due
to a tissue-specific difference in the role of a-catenin, or due to other
factors, such as mechanical differences between ectoderm and endo-
derm. We hypothesized that if a-catenin has a general role in cell-cell
adhesion across all embryonic tissues, which may have been masked in
ectodermal cells, then the re-formation of cell-cell adhesions from
dissociated whole embryos containing both ectodermal and endoder-
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mal cells should be inhibited. To test this, we used a well-characterized,
quantitative cell adhesion assay in which dissociated cells are allowed
to re-aggregate in a hanging drop (Benjamin et al., 2010; Ehrlich et al.,
2002). This approach is supported by previous studies showing that
embryonic cells isolated from Nematostella gastrulae have a remark-
able capacity to aggregate, epithelialize, and re-pattern (Kirillova et al.,
2018).

To investigate embryonic adhesion, a standard number of early
gastrula stage embryos was collected in an equivalent volume of 1/
3ASW, and subsequently triturated in calcium-magnesium-free artifi-
cial sea water (CMF) (see Materials and Methods). Dissociated cells
were then pipetted into droplets of media of standardized volumes onto
the underside of petri dish lid, and were allowed to aggregate over time
by gravity. At one hour intervals cells were disrupted with mild
trituration using a standard number of pumps through a p200 pipette
tip to measure the robustness of forming cell-cell aggregates (Fig. 4A).

Cells isolated from a-catenin siRNA-injected embryos had a reduced
capacity to re-aggregate over the course of 4 h compared to cells from
control embryos in normal 1/3 FSW media; in general, < 10% a-catenin
siRNA-injected cells formed small aggregates of < 6—25 cells, whereas
50% of control cells formed aggregates of > 11-50 cells, with larger
aggregates (50+ cells) increasing in frequency over time (Fig. 4B).
a-Catenin siRNA-injected cells formed more aggregates than a baseline
positive control of control cells placed in media lacking calcium
(1/3CMF supplemented with 1 mM EDTA) (Fig. 4B, C). The morphol-
ogies of cell aggregates from a-catenin siRNA-injected and control cells
grown for 48 h were different: a-catenin siRNA-injected cell aggregates
were generally smaller in size with a looser appearance with rounded
cells, and less clearly defined tissue organization than control cell
aggregates (Fig. 4D). There was also a difference in the mean number
of successful aggregates formed per droplet between treatments, with
the a-catenin siRNA-injected cells forming fewer aggregates than in
negative control conditions (siRNA: 0.8 + 0.1, control: 4.1 + 0.1; n =60
in each of 3 independent experiments; Fig. 4E).

Following the observation that calcium is necessary for cell re-
aggregation, we tested whether calcium is generally necessary for cell-
cell adhesion by placing intact embryos into CMF media. In calcium-
free conditions in the presence of EDTA, the epithelial cells of early
gastula embryos gradually dissociated from each other within 5-6h
without any trituration or enzymatic treatment (Fig. 4Fi-iii; full time
series in Supp. Fig. 4). Analysis of the actin cytoskeleton by phalloidin
staining and confocal microscopy in CMF-treated embryos revealed
that cell dissociation began with the separation at the apical cortices of
neighboring cells (arrow, Fig. 4G), and continued as cells became
rounded and maintained connections by thin, filamentous projections
(Supp. Fig. 5).

We exploited the requirement of extracellular calcium for adhesion
in N. vectensis embryos to test whether weakening cell-cell adhesions
could phenocopy the observed defects of a-catenin siRNA treatment. In
order to approximate a weak or inhibited cell-cell adhesion phenotype
during gastrulation, control embryos were treated with CMF media
without supplemental EDTA at the onset of gastrulation (18 h.p.f.) for
24 h. In comparison to untreated control embryos that formed normal
gastrula (Fig. 4Hi), CMF-incubated embryos had a variety of gastrula-
tion defects, including exogastrulation, arrested gastrulation, and
formation of a disorganized endoderm (Fig. 4Hii-iv). Although the
morphology of these phenotypes was different from the a-catenin
knockdown phenotypes, significantly a non-adherent or disorganized
endoderm was the predominant phenotype observed (32% arrested
gastrulation, 47% disorganized endoderm, and 18% exogastrulation in
CMF-treated embryos, versus 1%, 4%, and 3% in control embryos,
respectively, n =50 in each of 3 independent experiments; Fig. 4I).

These results indicate that there is a generalized defect in cell-cell
adhesion in a-catenin siRNA-injected embryos, and that this defect was
phenocopied by defects in cell-cell adhesion in control embryos
incubated in the absence of calcium. These properties are consistent



D. Nathaniel Clarke et al.

Developmental Biology 447 (2019) 170—-181

CMF media a-cat. sSiRNA control 3 4 T
100% o © : £
e 0 \ D q
o 58
. DT 2
coIIeCt dissociate gggregate c2
50% embryos cells in droplet . ——
£ 0
. | aat._cotrol
control a-cat. siRNA SiRNA
0% 100%
0 0 2 4 U Gastrulation
hours post dISSOCIatlon i Phenotype
cells per 50% marrest
1-5 6-10 11-25 [11126-50 50+ o
aggregate F = dis. endoderm
: 5 - Il exogastrulation
C CMF m:edla a: cgt. siRNA cgntrol mnormal
0%
Oh CMF  Control
CMF media + 1imM EDTA
1h
@
#® .
-
2h :
control CMF media without EDTA
3h -
' N

Fig. 4. Nv a-catenin is necessary for cell adhesion and the formation of epithelial tissues. A. Schematic of the hanging drop cell adhesion assay. B. quantification of hanging drop assay
indicating the number of cells in different size classes of aggregates formed over time. Data is representative of 3 independent assays. C. representative images of cell aggregate formation
observed in the hanging drop assay. D. representative images of epithelial cell aggregates formed after 48 h in a hanging drop. E. quantification of the mean number of aggregates
formed per droplet after 48 h. Fi-iii. Representative images from a 6-h time series of an embryo treated with calcium-magnesium free media plus 1 mM EDTA at the onset of
gastrulation. G. 40x confocal image of the apical cell surface of a phalloidin-stained embryo after 1 h of CMF + EDTA treatment. Arrow indications forming separation between F-actin
cortices of adjacent cells. Hi-v. representative images of variable gastrulation phenotypes observed in embryos treated with CMF media without additional EDTA versus untreated
control embryos. I. Quantification of the proportion of phenotypes observed in the CMF without EDTA treatments. Scale bars are 50 um in C, D, F, and H, and 5 pm in G.

with the requirement for the mechanical functions of a calcium-
dependent CCC in early N. vectensis development.

3. Discussion

3.1. Nv a-Catenin, B-catenin, and Cad. 3 form a potential CCC in the
early embryo of N. vectensis

The observation that a- and p-catenin and Cad. 3 are co-expressed
in all cells of the early embryo and co-localize to epithelial cell-cell
junctions is indicative of a general and ubiquitous role for the CCC in
cell-cell adhesion in N. vectensis. These observations are consistent
with previous descriptions of membrane localization of a- and B-
catenin in N. vectensis using a fusion mRNA strategy (Ragkousi et al.,
2017; Wikramanayake et al., 2003), similar to that employed here, and
a cross-reactive antibody against mammalian f-catenin (Leclere et al.,
2016). In addition, a- and B-catenin proteins interact directly with both
Cad. 3 and Cad. 1 to form a ternary complex in vitro (Clarke et al.,
2016). Together, these results provide direct evidence of co-localization
and high-affinity binding of proteins of the N. vectensis CCC, indicating
the presence of a bonefide CCC at cell-cell contacts in N. vectensis
epithelial tissues.
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3.2. Dynamic expression patterns suggest different roles for classical
cadherins in Nematostella early embryogenesis

A striking result from our in situ hybridizations is the difference in
expression patterns between Cad. 3 and Cad. 1 in N. vectensis embryos.
Cad. 3 mRNA was highly abundant in early cleavage stages. In contrast,
Cad. 1 expression was very low or absent in early cleavage stages,
although low levels of Cad. 1 transcripts have been reported in the
fertilized zygote (Fischer et al., 2014; Tulin et al., 2013) which may
have been below the sensitivity of our assay. Later in development, high
levels of Cad. 3 expression became restricted to the blastopore lip and
pharyngeal ectoderm in the early planula stage. In contrast, initial Cad.
1 expression was restricted to the internal pre-endodermal plate and
excluded from the blastopore lip ectoderm during gastrulation, and
then later at the aboral pole, expanding more orally as development
progressed in early planula stages. The endodermal Cad. 1 expression
pattern fits with a previous observation that Cad. 1 is in a co-regulated
gene set identified in a screen for endodermal targets of antagonistic
BMP2/4 and B-catenin/TCF/LEF signaling associated with the onset of
gastrulation and the specification of endoderm (Wijesena et al., 2017).
The regionalized ectodermal expression domains of Nv Cad. 3 and 1 at
planula stages (Fig. 2Civ& Dvi) further suggest tissue differences
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associated with larval growth or the elaboration of morphological
structures at this stage: in normal development, the tentacle bulbs
and body column develop from cells in the Cad.3- and Cad. 1 -positive
domains, respectively (Fritz et al., 2013).

Thus, the expression patterns of Cad. 3 and Cad. 1 at gastrula and
later stages appeared to be non-overlapping with discrete boundaries
between them, suggesting that there may be either regional or tissue-
level differences in cell-cell adhesive properties in N. vectensis, as has
been observed in other systems in which cadherin sub-type switching
occurs (Hatta et al., 1987; Maeda et al., 2005; Oda et al., 1998). The
significance of the different cadherin expression patterns, however, is
unclear — Nv Cad. 3 and Cad. 1 may be the products of a Cnidarian-
specific gene duplication, and are not direct orthologs of cadherins
from known cases of cadherin sub-type switching (Clarke et al., 2016).
Therefore, further experiments will be needed to test whether of Cad. 3
and 1 are functionally distinct. Nevertheless, our expression data
indicate that Nv Cad. 3 and Cad. 1 are interesting molecules worthy
of future study, and that they may present a test case for studying
differences in adhesive properties between cell types in a basally
branching animal group.

3.3. Analysis of Nv a-catenin embryonic phenotypes and the potential
for a CCC link to the cytoskeleton

RNAi and morpholino knockdown of a-catenin in N. vectensis
produced endodermal tissue integrity phenotypes after the onset of
gastrulation that are suggestive of a severe reduction or loss of cell-cell
adhesion, rather than abnormalities in cell fate specification (Fig. 3).
These phenotypes are similar to morphogenesis and adhesion defects
in knockdown embryos after gastrulation in other invertebrates (Costa
et al., 1998; Sarpal et al., 2012), but differ in timing compared to some
vertebrate models in which knockdown resulted in developmental
arrest prior to gastrulation (Kofron et al., 1997; Torres et al., 1997).
This latter timing difference appears to be due to the timing of siRNA-
mediated gene knockdown (Fig. 3B), but it may also be due to: (1)
differing extents of maternal provisioning of a-catenin protein in the
egg between species, as has been suggested previously (Sarpal et al.,
2012); and (2) the large number of a-catenin paralogs with overlapping
functions in vertebrates (Abe et al., 2004; Janssens et al., 2003; Park
et al., 2002; Torres et al., 1997; Uchida et al., 1994), compared to the
single a-catenin gene in N. vectensis. The delay in reduction of a-
catenin mRNA levels we observed by qPCR is similar to results
reported in the initial demonstration of RNAi in N. vectensis by He
et al., which suggests that RNAi gene knockdown may generally be less
active at earlier time-points in this species (He et al., 2018); this should
be taken into consideration in future RNAi studies.

A challenge to the interpretation that Nv a-catenin has a general
and ubiquitous role in embryonic cell-cell adhesion is the observation
that the phenotype is predominantly manifested in the endoderm, and
absent from the ectoderm. The difference in defects in the ectoderm
and endoderm in a-catenin RNAi embryos could be due to differences
in the efficacy of RNAi between ectoderm and endoderm in
Nematostella. We note, however, that the control FGFa2 knockdown
produced a strong ectodermal phenotype, indicating that RNAI is active
in the ectoderm. Although the embryonic phenotype was most evident
in the endoderm in the embryo, we detected a general cell adhesion
role for a-catenin in our cell re-aggregation assays following whole
embryo dissociation (Fig. 4), indicating that a-catenin knockdown
likely affected ectodermal cell adhesion which may have been masked
in the intact embryo.

It is possible that another protein plays a redundant function to a-
catenin in the ectoderm. The N. vectensis genome encodes only one a-
catenin ortholog, but encodes another member of the same gene family,
vinculin. Although vinculin is more commonly associated with integrin-
mediated cell-ECM adhesions (Bakolitsa et al., 2004; Plotnikov et al.,
2012), it also localizes to the AJ in bilaterians and in sponges (Miller

177

Developmental Biology 447 (2019) 170—-181

et al., 2018), and has been shown to perform a similar actin-binding
function to a-catenin in vertebrates (le Duc et al., 2010; Peng et al.,
2010). Further work will be necessary to understand whether vinculin
plays a role in N. vectensis cell-cell adhesion.

Another plausible explanation for the predominant in vivo effect of
a-catenin knockdown on the endoderm is that there are differences in
the amount of mechanical stress in the ectoderm and endoderm in the
N. vectensis embryo. Physical and mechanical differences in adhesive
properties between embryonic tissues have been well-known docu-
mented (Holtfreter, 1947; Townes and Holtfreter, 1955), and a
difference in mechanical stress has been reported between cells in
general ectoderm (low mechanical stress) versus cells in the blastopore
lip ectoderm (high mechanical stress) at the onset of gastrulation in
Nematostella (Pukhlyakova et al., 2018). Thus, in the embryo, lower
mechanical stress in the ectoderm could mask a cell-cell adhesion
defect produced by a-catenin knockdown. Further analysis of the
mechanical properties of these tissues at later developmental time-
points will be necessary to test this hypothesis.

Finally, these findings are somewhat inconsistent with recent work
from Salinas-Saavedra et al., who observed morphological differences
in cell junctions between ectoderm and endoderm using transmission
electron microscopy, and detected an apparent lack of B-catenin
protein localization in endoderm using immunohistochemistry
(Salinas-Saavedra et al., 2018). Their results challenged the idea that
the cadherin-catenin complex is needed for the formation of adherens
junctions in N. vectensis endoderm. However, our observations are
consistent with the original report of N. vectensis B-catenin by
Wikramanayake et al., who observed ubiquitous localization of f-
catenin protein, including strong staining within the endoderm, using a
different anti-pB-catenin antibody (Wikramanayake et al., 2003).
Rigorous molecular characterization of junctional protein complexes
in both endoderm and ectoderm will be necessary to resolve this
discrepancy; such work will likely be highly informative to our under-
standing of the evolution of epithelial tissues.

3.4. Calcium dependence of cell adhesion in N. vectensis is consistent
with a role for cadherins

Our experiments on embryos and cells placed into calcium-free
conditions demonstrate that calcium, and likely classical cadherins, are
necessary for both the maintenance of embryonic cell-cell adhesions, as
well as the formation of new adhesions in re-aggregating cells (Fig. 4;
Supp. Fig. 4 and 5). This result is consistent with observations of early
embryos from other invertebrates in which removing calcium is
sufficient to dissociate embryos (Herbst, 1900; McClay, 1986), and
the initial work in mammalian cell culture that led to the discovery of
cadherins as calcium-dependent cell adhesion molecules (Takeichi,
1977). However, we cannot exclude the possibility that other adhesion
systems are also involved, including extracellular matrix (ECM)
proteins (Fidler et al., 2017) that contribute to cell adhesion and
aggregation in sea urchin embryos (McClay, 1986), sponge tissues
(Haseley et al., 2001; Henkart et al., 1973; Miiller and Zahn, 1973),
and unicellular animal relatives such as the amoeba-like filasterean
Capsaspora owczarzaki (Sebé-Pedros et al., 2013) and the choano-
flagellate Salpingoeca rosetta (Levin et al., 2014). Further experiments
on N. vectensis and other non-bilaterian model systems will be
necessary to assess the relative importance of cadherin-based cell-cell
adhesion versus cell-ECM adhesion for tissue integrity and organiza-
tion in early animals.

The embryological data presented here suggest that Nv a-catenin
has a conserved function linking cadherin adhesions to the cytoskele-
ton, and, therefore, that the CCC is involved in coordinating calcium-
dependent cell adhesion in cnidarians. Taken together with other
observations of conserved functions for CCC components in N.
vectensis (Clarke et al., 2016; Pukhlyakova et al., 2018;
Wikramanayake et al., 2003), our work further demonstrates the deep
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ancestry of the CCC as a cell-cell adhesion complex and signaling
module. Further study is necessary in cnidarians to more fully under-
stand the basis of cell-cell adhesion in this phylum and how it may
differ between tissues and across developmental time. Additionally,
more data on cell-cell adhesion from other basally branching phyla,
including ctenophores, sponges, and placozoans will be necessary to
understand how changes in adhesive mechanisms during early animal
evolution impacted the evolution of animal multicellularity.

4. Materials and methods
4.1. Animal culture, procurement and microinjection of embryos

N. vectensis polyps and embryos were cultured at Hopkins Marine
Station, Stanford University, under conditions similar to previous
studies (Fritzenwanker and Technau, 2002; Hand and Uhlinger,
1992). Briefly, adult male and female anemones were kept in isolated
cultures under constant darkness at 18 °C in 1/3x filtered sea water
media (1/3 FSW), and received a daily water change and feeding of
brine shrimp. Spawning was induced with a 6-h heat and light
treatment in a climate-controlled incubator, and collected egg masses
were de-jellied by gentle oscillation in a solution of 4% L-cysteine in 1/3
FSW (w/v) for 15 min. Eggs were washed five times with 1/3 FSW and
fertilized within 2h of spawning. Microinjection was carried out as
described previously (Layden et al., 2013); briefly, de-jellied eggs were
plated in rows in a plastic petri dish and then injected using a 3-axis
joystick micromanipulator (MO-202U, Narishige) and a microinjection
system (MPPI-3, Applied Scientific Instrumentation) on a Zeiss V12
Discovery stereoscope under epifluorescence. Following injection and
fertilization, embryo cultures were maintained at 18 °C in 1% agarose-
coated petri dishes.

4.2. Nomenclature and gene annotations of Nematostella cadherins

To avoid confusion in the literature, we have used the gene names
from the original annotation of cadherin gene models from the
Nematostella genome, NvCdh3 and NvCdhl1, as described by Hulpiau
and van Roy (Hulpiau and van Roy, 2011). These genes correspond to
the annotations NvCadherin-1 and NvCaderhin-2, respectively, as
described in our previous work (Clarke et al., 2016).

4.3. Molecular cloning and reagent preparation

For mRNA injection experiments, full-length coding sequences of
a-catenin and B-catenin were amplified from ¢cDNAs and cloned into a
modified pCS2 vector to form in-frame fusions with mNeonGreen, or
mTagBFP2 coding sequences using Gibson assembly (Gibson et al.,
2009). For Cad. 3, a 12-kb partial coding sequence corresponding to
the 14 membrane-proximal CAD repeats, transmembrane domain, and
cytoplasmic tail was cloned and fused to mScarlet using a similar
strategy. Clones for a-cat., p-cat., Cad. 1, Cad. 3, HNF1, SnailA,
Brachyury, and FoxA were prepared by standard PCR and TA cloning
protocols using the pGEMT-Easy vector system (Promega). cDNAs for
FoxB, DIx, and Six3/6 were a gift from Mark Martindale. mRNA was
transcribed in vitro from linearized plasmid templates using the T7
ARCA transcription kit (New England Biolabs). Digoxigenin-labeled
anti-sense RNA probes for in situ hybridization were transcribed using
SP6 or T7 RNA polymerase (Promega). Sequences for all primers used
for cloning in this study are included in Table 1.

4.4. siRNAs and morpholino antisense oligonucleotides

siRNAs were ordered from IDT and 100 uM stock dilutions were
prepared according to the Manufacturer's instructions in nuclease-free
water. Two siRNAs against a-catenin were used in this study compris-
ing a CDS-targeted siRNA targeting base positions 671-696 and
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Table 1

Primer sequences used for cloning in this study. Primers used to isolate clones for in situ
hybridization are designated ‘ISH’, and those for preparing mRNA transcription vectors
are designated ‘mRNA’. Where present, lowercase sequence indicates the portion of the
primer with homology to the vector backbone used for Gibson Assembly.

NvAcat_ISH_F CTCCGCAAGCCCCGTCTAT
NvAcat_ISH_R GAACTCGCTTAGTGCTTGAATAGGA
NvBcat_ISH_F CTGCAGAGCTTGTGCGTATCA
NvBcat_ISH_R GGAAGAGCGAGCTGGTCAAC
NvFoxA_ISH_F CCTACTACATTACCCTTCCAGCAC
NvFoxA_ISH_R CCGTTCCCTCGCCTGAC
HNF1_ISH_F CAACCGAGCTACAGAGAGAGC
HNF1_ISH_R GCCACGCACATATAGTAGCCAC
NvSnailA_ISH_F GACACACAGACCTCGGACAAG
NvSnailA_ISH_R TCCCTTGGATAATGTGAATAGCCTC
NvBra_ISH_F ACATGCACTCGGACGAGAAG
NvBra_ISH_R TTAAGCTTGCGGTATGGTGTTCC

Nv_Acat_mRNA_F
Nv_Acat_ mRNA_R
Nv_Bcat_ mRNA_F
Nv_Bcat_mRNA_R
Nv_Cad3_mRNA_F
Nv_Cad3_mRNA_R

agaagctcagaataaacgctcaactttggcATGAGTCGGACGGCCTACC
catcgatgcteetgaggeteeegatgetccGTAGAAGTCGGGCTTCCGTC
agaagctcagaataaacgctcaactttggcATGGAGACACACGGTATGG
catcgatgcetectgaggetecegatgetccGAGATCTGTGTCATACAGAGG
agaagctcagaataaacgctcaactttggcATGATTTCTACGCTTGGTCG
catcgatgctectgaggeteeegatgeteccGTCGTCAAGGTTGTAGATCT

another targeting the 3’UTR (full sequences in Table 2). For micro-
injection, siRNAs were diluted to 20 uM and co-injected (40 M total
concentration) in an injection mix supplemented with 0.5 mg/ml
rhodamine-dextran and 100 mM Na* in nuclease-free water. Control
embryos were injected with either a non-sense siRNA with a scrambled
sequence of similar composition to the 3-UTR-targetted siRNA for
a-catenin knockdown experiments (‘control’; Table 2), or a rhodamine
dextran blank for the FGFa2 validation experiments. A morpholino
targeted to the start codon of a-catenin (sequence: 5’-TG
GTAGGCCGTCCGACTCATTTTCG-3’) was ordered from Gene Tools,
LLC, resuspended following the manufacturer's instructions, and
diluted to 500 pM in the final injection mix.

4.5. RT-qPCR analysis of gene expression

RT-qPCR was used to assess a-catenin mRNA levels. For each
experiment, 30 treated embryos and 30 control embryos were
collected into two tubes, and RNA was isolated from the pooled
embryos using a RNAqueous Micro RNA isolation kit (Life
Technologies). RNA samples were analyzed directly using Luna
Universal One-Step RT-qPCR master mix (New England Biolabs) in
a Mic gPCR cycler (Bio Molecular Systems); 20 ul reactions were set
up in triplicate for each sample and run according to the manufac-
turers specifications. The Nematostella genes ATP synthase, EF1b,
and RPL23 were used as control standards for all experiments. A
minimum of three biological replicates were used for each treatment
or time-point. Sequences of all primers used for qPCR analysis are
reported in Table 3.

4.6. Whole mount in situ hybridization, nuclear and F-actin staining

In situ hybridization was performed as described previously (Lowe
et al., 2004; Wolenski et al.,, 2013). RNA probes were diluted to
0.1 — 0.5ng/ml and hybridized overnight at 60°C, and visualized
using an Anti-DIG AP antibody and NBT/BCIP (Roche). F-actin and
nuclei were stained as described previously (Magie et al., 2007);
embryos were co-incubated with a 1:50 dilution of Alexa-Fluor
488 conjugated phalloidin and a 1:200 dilution of propidium iodide
plus 1:500 20 mg/ml RNAse A at room temperature in PT buffer for
1 h, dehydrated quickly through an isopropanol series (30%, 60%, 90%,
3 x100%), and transitioned into Murray's Clear media (2:1 benzyl
benzoate and benzyl alcohol).
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Table 2
siRNA sequences used in this study.
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Gene Target Target Location

Base position

sense sequence

a-Cat. CDS 671-696 rGrCrArArArArUrGrCrUrUrCrUrArUrCrUrUrCrUrUrCrCAA
a-Cat. 3’'UTR 3939-3964 rArUrCrUrUrGrArArUrGrArArUrArCrUrArGrArArArUrGTT
control NA NA rGrUrCrArArGrArUrArUrUrGrArUrGrArCrArGrArArUrUGT
FGFa2 CDS 303-328 rCrArGrArUrArUrGrCrCrCrUrArArUrGrArArArArUrCrGAG
FGFa2 CDS 187-212 rGrArArArArArArUrUrCrUrArCrCrGrCrCrArArCrArUrCTT
Zeiss V12 Discovery dissection microscope using a 5x objective, or a
Table 3 Zeiss Z1 compound microscope with a 20x objective. The hanging drop

Primer sequences used for qPCR in this study.

Nv_ATPsynt_qPCR_F
Nv_ATPsynt_qPCR_R
Nv_EF1b_qPCR_F
Nv_EF1b_qPCR_R
Nv_RPL23_qPCR_F
Nv_RPL23_qPCR_R
Nv_Acat_qPCR_F
Nv_Acat_qPCR_R

TGCTGGGAAAGTTCTGGACCAATG
ACACCCTCCTTGACGGTAACATTC
TGCTGCATCAGAACAGAAACCTGC
TAAGCCTTCAAGCGTTCTTGCCTG
TTACGGAGCTCTGGCTTTCCTTTC
TGCCGTTAAGGGTATCAAAGGACG
CTAGTGGAGACGTGAAAGTTGAG
GGTTTACCAGAGTTGTCACCTG

4.7. Cell dissociation and aggregation

Cell dissociation was performed as described previously (Kirillova
et al., 2018). 100 embryos were collected in a microcentrifuge tube in
100 ul 1/3 FSW, two volumes of calcium-magnesium-free arfticial sea
water (CMF-ASW: 27 g/L. NaCl, 1g/L Na2S04, 0.8 g/L KCI, 0.18g/L
NaHCO3 in MilliQ water) was added, and embryos were dissociated via
trituration through a p200 pipette tip. Following dissociation, cells
were passed through a 40 um cell strainer, collected via centrifugation
for 3 min at 700 x g, washed three times into treatment medias, and re-
suspended in 500 pl of media. Volumes used and number of embryos
were kept constant across all treatments and experiments to control for
input cell number. 1/3 calcium-magnesium-free (1/3 CMF) media was
prepared by dilution of CMF-ASW with MilliQ water and the addition
of 1mM EDTA. EDTA was included in all CMF-media treatments
unless otherwise indicated (as in Fig. 3I). The hanging drop assay was
adapted from previous tissue culture studies

(Benjamin et al., 2010{Ehrlich, 2002 #518; Ehrlich et al., 2002). In
brief, dissociated cells were pipetted in 20 pl droplets onto the
underside of a petri dish lid and inverted to allow cells to aggregate
due to gravity. At the indicated time points, droplets were triturated
with 5 pumps through a p200 tip, spread on a slide, and 4 pl of 16%
paraformaldehyde was added. 10 images were taken from random non-
overlapping areas of the coverslip using a per droplet analyzed. Images
were analyzed programmatically using ImageJ software (NIH). Each
aggregation experiment was done in triplicate, and repeated for a
minimum of three independent trials.

Embryonic CMF treatments were carried out by washing embryos 3
times in 1/3 CMF before placing them into petri dish containing
treatment media. Phalloidin staining on CMF-treated embryos was
done after gently pipetting embryos with a p1000 tip cut with a wide
bore into a pre-fixation of 16% paraformaldehyde in 1/3 FSW and pre-
fixing embryos for 5 min. before transitioning into normal fixation in
4% paraformaldehyde. Whole-embryo CMF treatments were repeated
in three independent trials of 50 or more embryos each.

4.8. Imaging

All fluorescent images were captured with a Zeiss LSM 700 confocal
microscope and either 20x air or 40x water-immersion objectives using
the Zen software package (Carl Zeiss). mRNA-injected embryos were
immobilized in 1% low-melting point agarose (Sigma) in a poly-L-
lysine-treated coverslip-bottom imaging dish as described previously
(Ragkousi et al., 2017). In situ hybridizations were imaged on either a
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assay and embryo dissociation experiment were imaged on the same
compound scope using a 10x objective.
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