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Abstract

Apoptosis, a major form of programmed cell death, is an essential component of host defense against
invading intracellular pathogens. Viruses encode inhibitors of apoptosis to evade host responses during
infection, and to support their own replication and survival. Therefore, hosts and their viruses are
entangled in a constant evolutionary arms race to control apoptosis. Until now, apoptosis in the context
of the antiviral immune system has been almost exclusively studied in vertebrates. This limited phyletic
sampling makes it impossible to determine whether a similar mechanism existed in the last common
ancestor of animals. Here, we established assays to probe apoptosis in the sea anemone Nematostella
vectensis, a model species of Cnidaria, a phylum that diverged approximately 600 million years ago from
the rest of animals. We show that polyinosinic:polycytidylic acid (poly I:C), a synthetic long double-
stranded RNA mimicking viral RNA and a primary ligand for the vertebrate RLR melanoma differentiation-
associated protein 5 (MDAS5), is sufficient to induce apoptosis in N. vectensis. Furthermore, at the
transcriptomic level, apoptosis related genes are significantly enriched upon poly(l:C) exposure in N.
vectensis as well as bilaterian invertebrates. Our phylogenetic analysis of caspase family genes in N.
vectensis reveals conservation of all four caspase genes involved in apoptosis in mammals and revealed a
cnidarian-specific caspase gene which was strongly upregulated. Altogether, our findings suggest that
apoptosis in response to a viral challenge is a functionally conserved mechanism that can be traced back

to the last common ancestor of Bilateria and Cnidaria.
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Introduction

Apoptosis, a major form of programmed cell death, is one of the most important innovations of
multicellular eukaryotes, and its components, at least in some form, are found in representatives of all
multicellular eukaryotes (Koonin and Aravind 2002b). The field of apoptosis research has thrived since the
discovery of its molecular mechanism in the nematode Caenorhabditis elegans (Yuan, et al. 1993; Yuan
and Horvitz 2004). Since then, apoptosis has been extensively studied in mammals, insects, and
nematodes, and has also been described in some of the most basally-branching animal lineages, such as
sponges and cnidarians (Wiens, Krasko, Blumbach, et al. 2000; Wiens, Krasko, Miiller and Miller 2000;
Seipp, et al. 2001; David, et al. 2005; Pankow and Bamberger 2007; Oberst, et al. 2008; Lasi, et al. 2010;
Pernice, et al. 2011). Furthermore, processes similar to apoptosis have also been observed in plants (Reape
and McCabe 2010), fungi (Madeo, et al. 2002; Hamann, et al. 2008; Sharon, et al. 2009), and even in some
unicellular eukaryotes (Bidle and Falkowski 2004; Deponte 2008; Pollitt, et al. 2010; Kaczanowski, et al.
2011). In bacteria, other forms of regulated cell death such as pyroptosis have been described (Johnson,
et al. 2022) whereas diverse homologs of key components of the apoptotic machinery have been found in
bacterial genomes (Koonin and Aravind 2002a; Allocati, et al. 2015). Interestingly, recent studies have
demonstrated that bacteria employ regulated forms of cell death in response to phage infection, thereby
protecting the nearby population from the spread of infection (Rousset and Sorek 2023). These studies
suggest that some of the prokaryotic defense systems involving regulated cell death are evolutionarily
ancestral of key components of eukaryotic immune systems and that regulated cell death is an efficient

mechanism for blocking viral infection in all domains of life.

In their struggle for existence, viruses and hosts have evolved diverse mechanisms to control and
manipulate the apoptotic pathway. Cell death is important for limiting pathogen replication in infected
cells, while simultaneously promoting the inflammatory and innate immune responses that are crucial for

host immunity (Upton and Chan 2014). Since viruses are obligatory intracellular parasites, they must be
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able to manipulate the apoptotic pathways in order to control the lifespan of their host and to replicate.
Evidently, many viruses encode inhibitors of apoptosis to evade host responses during infection and to
support their own replication and survival (Benedict, et al. 2002). Dysregulated cell death as a result of
defects in the apoptotic pathways is often a characteristic of inflammatory, autoimmune disorders, and
cancer (Bouillet, et al. 1999; van Dommelen, et al. 2006; Carneiro and El-Deiry 2020). Therefore, as both
viruses and cells struggle for control of cell death pathways, evolutionary arms race has shaped a complex

host-pathogen interaction at this front (Orzalli and Kagan 2017).

Apoptosis has morphological characteristics that include cell shrinkage, nuclear fragmentation,
chromatin condensation and membrane blebbing, all of which are the result of the proteolytic activity of
the caspase proteases (Li and Yuan 2008; Taylor, et al. 2008). Upon activation, caspases induce apoptosis
through the cleavage of several proteins, eventually leading to the phagocytic recognition and engulfment
of the dying cell (Tait and Green 2010). In vertebrate cells, apoptosis typically proceeds through one of
two signaling pathways termed the intrinsic and extrinsic pathways, both of which result in activation of
the executioner caspases, Caspase-3 and Caspase-7 (Tait and Green 2010). The intrinsic pathway is
initiated by cell stress that is sensed by internal sensors such as p53, whereas the extrinsic pathway is
initiated by an external stimulus such as death ligand/death receptor (for example, TNF and TNF receptor)
interactions (Benedict, et al. 2002).

Double-stranded RNA (dsRNA) is associated with most viral infections, either directly by the viral
genome itself (in the case of dsRNA viruses) or indirectly by generating intermediates in host cells during
viral replication (Son, et al. 2015; Chen and Hur 2022). In mammals, a multitude of studies demonstrated
that dsRNA is able to activate a strong antiviral response through the stimulation of type | IFN (IFN-I), and
to inhibit the growth of mouse tumors (Barber 2001; Estornes, et al. 2012). In vertebrates, viral RNAs are
recognized by intracellular pattern recognition receptors (PRRs) such as the RIG-I-like receptors (RLRs)

retinoic acid-inducible gene | (RIG-1) and melanoma differentiation-associated protein 5 (MDAS5) (Kato, et
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al. 2006; Dixit and Kagan 2013; Rehwinkel and Gack 2020). Upon recognition of their ligands, RIG-I and
MDA?S interact with the adaptor protein mitochondrial anti-viral signaling protein (MAVS), which provides
a scaffold to activate the NF-kB and IRF3 transcription factors (Sun, et al. 2006). Both transcription factors,
in turn, regulate the expression of genes that can initiate the apoptotic pathway (Chattopadhyay, et al.
2010b; Orzalli and Kagan 2017).

Until now, apoptosis in the context of the antiviral immune system has been almost exclusively
studied in vertebrates. From this limited phyletic sampling, it is impossible to deduce what was the original
mode of action of the antiviral response in the last common ancestor of vertebrates and whether
apoptosis played a role in antiviral immunity in early-branching animal lineages. The phenomenon of
bleaching in Cnidaria (sea anemones, corals, hydroids and jellyfish) has motivated several groups to
address questions regarding apoptosis. In the stony coral Stylophoea pistillata, it was demonstrated that
bleaching and death of the host animal in response to thermal stress involve a caspase-mediated apoptotic
cascade induced by reactive oxygen species produced primarily by the algal symbionts (Tchernov, et al.
2011). A study of the stony corals Pocillopora damicornis and Oculina patagonica demonstrated that
reduced pH conditions induce tissue-specific apoptosis that leads to the dissociation of polyps from
coenosarcs (Kvitt, et al. 2015). Another study demonstrated that coral cells undergo apoptosis in response
to human TNFa and that coral TNF kills human cells through direct interaction with the death receptor
pathway (Quistad, et al. 2014). Pyroptosis, a regulated form of inflammatory cell death that involves
plasma membrane pore formation mediated by gasdermin family proteins (Bergsbaken, et al. 2009), was
recently reported in response to lipopolysaccharide (LPS) in Hydra vulgaris (Chen, et al. 2023a) and in
response to the bacterial pathogen Vibrio coralliilyticus in the reef-building coral species Pocillopora
damicornis (Jiang, et al. 2020). Nevertheless, the role of apoptosis or other forms of cell death as antiviral

mechanisms in invertebrates remains mostly unexplored.
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Over the past two decades the sea anemone N. vectensis has gained popularity as a model
organism for studying molecular evolution, traditionally in the context of development and regeneration
(Layden, et al. 2016; Rottinger 2021). As a cnidarian, N. vectensis is particularly informative for
comparative biology. This is because Cnidaria is a sister group to Bilateria (the group including the vast
majority of extant animals) and these two groups diverged approximately 600 million years ago from their
last common ancestor (Erwin, et al. 2011; Technau and Steele 2011; Layden, et al. 2016). We have
previously shown that N. vectensis possesses two RLR paralogs (named RLRa and RLRb) of the mammalian
MDA?S that senses dsRNA. Further, we showed that RLRb binds to long dsRNA to initiate a functionally
conserved innate immune response (Lewandowska, et al. 2021). In this study, we sought to determine
whether and how dsRNA affect apoptosis in N. vectensis. We found that the dsRNA viral mimic poly(l:C) is
sufficient to strongly induce apoptosis in N. vectensis and uncovered a conserved network of genes
involved in this process, pointing to a functional conservation of dsRNA-induced apoptosis that existed

before the cnidarian-bilaterian split.

Results

dsRNA induces apoptosis in N. vectensis derived cells ex-vivo

We used Apotracker-green (Apo-15), an Annexin V based marker which is commonly used in
mammalian cells to probe apoptosis by flow cytometry (Crowley, et al. 2016; Barth, et al. 2020). We first
used mitomycin-c (MMC) and cycloheximide (CHX) treatments, common inducers of apoptosis in human
and mouse cells (Pirnia, et al. 2002; Baski¢, et al. 2006), as positive controls to validate this assay in N.
vectensis. Using imaging flow cytometry (ImageStream®), we observed morphological differences
between cells that were negative to Apotracker green and those that were positive to Apotracker green

and/or the viability dye Zombie NIR (Supplementary figure 1). Treatment of N. vectensis derived cells with
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2 mM of the translation blocker cycloheximide for 48 hours resulted in a significantly increased Apotracker
green fluorescence intensity compared to DMSO (p=0.001269, n=3, two-sided t-test) (Supplementary
figure 1B, 2A, 2B). Notably, cells that were negative to Apotracker green had a significantly higher
circularity score compared to Apotracker positive cells, and compared to cells that were positive to both
Apotracker and Zombie NIR, the latter had the lowest score (Supplementary figure 1C). MMC, an
antitumor drug known to induce apoptosis by crosslinking DNA (Tomasz 1995; Pirnia, et al. 2002), was
previously used to kill proliferating cells before stem cell transplantation in N. vectensis (Talice, et al.
2023). Indeed, zygotes treated with 60 uM MMC for 48 hours had a significantly increased cell death
compared to their DMSO counterparts (p=0.002472, n=4, two-sided t-test) (Supplementary figure 2C,
2D). Next, we studied the effect of poly(l:C) on apoptosis. In mammals, poly(l:C) is recognized, among
other intracellular receptors, by the extracellular toll-like receptor 3 (TLR3) which is expressed on the cell
surface of fibroblasts and epithelial cells (Matsumoto and Seya 2008). N. vectensis has only one toll-like
receptor (TLR), which is not orthologous of TLR3. This receptor was shown to respond to bacterial
pathogens and its exact ligand is still unknown, however, was suggested to be Flagellin (Brennan, et al.
2017). Indeed, injection of poly(l:C) into N. vectensis zygotes resulted in strong upregulation of RLRa and
RLRb (Supplementary figure 2E), whereas incubation of zygotes with high concentrations of poly(l:C) (0.5
pg/uL) did not increase the expression of neither RLRa nor RLRb (Supplementary figure 2F), suggesting
that N. vectensis can only respond to intracellular dsRNA. To deliver poly(l:C) into cells, we transfected N.
vectensis-derived cells with 2 pg/ml poly(l:C). Indeed, we detected a significantly increased Apotracker
green fluorescence intensity in poly(l:C) transfected cells relative to their mock transfected counterparts

(p=0.0265, n=3, one-sided t-test) (Figure 1A, 1B).

As of today, no cytokines have been described in N. vectensis. Thus, it is unclear whether infected
cells are capable of alarming neighbors upon viral infection (i.e., paracrine signaling), or alternatively, the

signaling is limited to the infected cells (i.e., autocrine signaling). To address this question, we transfected
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cells with poly(l:C) labeled with rhodamine. Flow cytometry revealed transfection efficiency ranging from
about 29 % to 44 % (Supplementary figure 3A-C). Next, we asked whether cells that were successfully
transfected with poly(l:C) (rhodamine positive) were prone to apoptosis more than cells that did not
uptake the labeled poly(l:C). Indeed, the Apotracker-green signal was increased in cells that were also
positive to rhodamine (p=0.00081, n=3, one-sided t-test) (Figure 1C, 1D), indicating that poly(l:C) triggered

the apoptosis mostly in cells that internalized it.

dsRNA induces apoptosis in N. vectensis injected animals

Caspases are key mediators of apoptosis. Among them, Caspase-3 is a major effector caspase
involved in the execution phase of apoptosis (Nicholson, et al. 1995). Following cleavage and activation by
initiator caspases (CASP8, CASP9 and/or CASP10), the mammalian Caspase-3 executes apoptosis by
catalyzing cleavage of many essential key proteins (Nicholson, et al. 1995; Walsh, et al. 2008; Nakatsumi
and Yonehara 2010; Thomsen, et al. 2013). Methods for determining Caspase-3 activity are based on the
proteolytic cleavage of its preferred recognition sequence Asp-Glu-Val-Asp (DEVD) (Gurtu, et al. 1997).
Such methods have been applied for studying apoptosis upon stress conditions in other cnidarians
including corals and the sea anemone Exaiptasia diaphana (Pernice, et al. 2011; Bieri, et al. 2016; Ros, et
al. 2016). We compared the Caspase-3 activity using a colorimetric assay in poly(l:C) injected animals
versus NaCl control at different time points. At 6 hours post injection (hpi), we did not observe a significant
difference in Caspase-3 activity compared to NaCl control (p=0.56, n=3, one-sided t-test) (Figure 2A),
whereas caspase activity was significantly increased at 24 hpi (p=0.0013,n=3, one-sided t-test) and did not
reach a statistical significance at 48 hpi (p=0.069,n=3, one-sided t-test) (Figure 2B, 2C). The increase in

Caspase-3 activity relative to 6 hours, although did not reach statistical significance, was most noticeable
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at 24 hours (p=0.145, n=3, one way ANOVA test) after injection and decreased in magnitude at 48 hpi

(p=0.469, n=3, one way ANOVA test) (Figure 2D).

dsRNA triggers the activation of genes associated with the apoptotic pathway

To further investigate the impact of dsRNA on apoptosis, we reanalyzed a gene expression dataset
previously published by Lewandowska et al. (2021), which examined the antiviral immune response of N.
vectensis to a viral dsRNA mimic (poly(l:C)). Compared with 0.9% NaCl control, dsRNA induced a gene
expression pattern strongly associated with apoptotic process including upregulated expression of genes
encoding initiator and executioner caspases (Caspase-8 and Caspase-3/6/7), negative apoptotic regulators
(Bcl, MCL and IAP), and positive apoptotic regulators (Bok, Apaf-1 and TRAFs) for 24 hpi. Consistent with
the caspase-3 activity assay (Figure 2D), this increase in gene expression was transient as a reduction in
the number of upregulated apoptosis-related genes was observed within 48 hpi. No upregulated
apoptosis-related genes were detected at 6 hpi (Figure 3A, Supplementary file 1). Gene ontology (GO)
term analysis revealed significant enrichment of apoptosis-related terms induced by dsRNA (Figure 3B),
with the term 'Regulation of apoptotic process' being most significant at the 24 hpi time point.
Furthermore, based on the identified upregulated genes associated with apoptosis in N. vectensis at 24
hpi, it seems that both the intrinsic and the extrinsic pathways of apoptosis were activated. The intrinsic
pathway (depicted on the left in Figure 3C) may be initiated by various intracellular signals, such as DNA
damage. These signals lead to the downregulation of pro-survival proteins like Bcl-2 and Bcl-10, thereby
enabling pro-apoptotic molecules such as Bok, to provoke a mitochondrial permeability transition. This
transition results in the release of cytochrome ¢ and other pro-apoptotic molecules, counteracting the
anti-apoptotic activity of IAPs. Following this, cytochrome c associates with Apaf-1 to form the

apoptosome, which activates initiator caspases. Subsequently, initiator caspases trigger the executioner
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caspase cascade, culminating in cell death. The extrinsic pathway (Figure 3C) is initiated by the binding of
secreted ligands from the TNF family to their corresponding receptors within the TNFR family. Upon
activation, receptor homotrimers or homomers recruit cytoplasmic adaptor molecules, which then
instigate cell death through various pathways. Following the activation of classical cell death receptors
(e.g., FAS, DR4/5, TNFR1), adaptor molecules directly bind and facilitate the cleavage of initiator caspases.

These, in turn, activate the effector caspases that orchestrate cell death (Bertheloot, et al. 2021).

Caspases in Metazoa: Phylogenetic analysis and domain organization

Six putative caspase genes were identified in the genome of N. vectensis. A phylogenetic analysis
was conducted to explore the distribution of these caspase genes from N. vectensis across Metazoa. The
Maximum-Likelihood tree depicted in Figure 4 shows that the caspases from N. vectensis are grouped into
five distinct clades, with the exception of clade Il (highlighted in green), where Caspase-9 is exclusively
found in deuterostome animals. All caspases within this clade possess a CARD and CASc domain; in
humans, they are recognized as initiator caspases (Li, et al. 1997). The sequences in the tree were named
based on their human orthologs. Clade | exclusively comprises sequences from Anthozoa, and showcases
a domain organization with both NHR and CASc domains. The Neuralized Homology Repeat (NHR) domain,
a module of approximately 160 amino acids, was initially identified as a tandem repeat in the Drosophila
Neuralized, a protein instrumental in the development of the central and peripheral nervous systems
(Nakamura, et al. 1998). Intriguingly, within this clade, we discovered a sequence from N. vectensis
(NVE5282) that is the most upregulated at 24 hpi time point, exhibiting a Log2 Fold Change (LFC) of 6.4.
Clade lll, highlighted in red, encompasses sequences from Protostomia, Deuterostomia, Medusozoa, and
Anthozoa lineages. A defining feature of the caspases in this clade is the presence of dual death-effector
domains (DEDs), which serve as recruitment domains, alongside CASc domains. Caspases with this domain
structure (Caspase-8 and -10 in humans) are identified as initiator caspases in the apoptotic pathway

(Lamkanfi, et al. 2002). Within this clade, a sequence from N. vectensis (NVE9681) was found to be
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upregulated at the 24 hpi time point, with a LFC of 2.8. Clade IV, highlighted in yellow, displays the greatest
diversity regarding the number of human orthologs present as well as domain structure. This clade
includes sequences from the Protostomia, Deuterostomia, and Anthozoa lineages. Within this clade, we
observe subclades wherein inflammatory caspases from humans (Caspase-1, -4 and -5) are located.
Adjacent to this subclade, human Caspase-2, identified as an initiator caspase, along with Caspase-14,
recognized for its functional role in development, are also located (Sakamaki and Satou 2009). In this clade,
there is a sister group to the remaining species, exclusively consisting of anthozoan sequences, which
possess both CARD and CASc domains.. Within this group, a sequence from N. vectensis (NVE26090) is
found, however, it is not upregulated at any time point in our experiment. This clade exhibits low bootstrap
support, yet high SH-aLRT and aBayes support. This discrepancy could arise from a matter of statistical
sensitivity, wherein SH-aLRT and aBayes tests may be more sensitive to certain data patterns. They might
detect signals in the data supporting the branch that bootstrap analysis might miss, especially if the
dataset is small or the signal is weak (Guindon, et al. 2010). Clade V stands as the only group devoid of
human orthologs, predominantly featuring sequences from Anthozoa and Medusozoa. The protein
domain structure within this clade is characterized by the sole presence of the CASc domain. Within this
clade, two sequences from Hydra vulgaris appear in bold. Recently, these sequences were discovered to
have an inflammatory function (Chen, et al. 2023b). Within this clade, a sequence from N. vectensis
(NVE20429) is found, which is not upregulated at any time point in our experiment. Clade VI represents
the largest clade both in terms of the number of sequences and the diversity of lineages. It encompasses
sequences from Porifera, Placozoa, Protostomia, Deuterostomia, Medusozoa, and Anthozoa. In this clade,
we identified a subclade whose sequences are characterized solely by the presence of the CASc domain,
and exclusively include sequences from the Protostomia and Deuterostomia lineages. The human Caspase-
3,-6, and -7, grouped within this subclade, are identified as executioner caspases in the apoptotic pathway

(Sakamaki and Satou 2009). The remaining subclades, apart from possessing the CASc domain, also feature
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an N-terminal CARD domain. Within these subclades, we identified two upregulated sequences from N.
vectensis: NVE23160 with a LFC of 1.15 and NVE21851 with a LFC of 3.37 at 24 hpi. It is noteworthy that
the tree we obtained using Bayesian inference is similar to this obtained through the maximum likelihood

method (Supplementary Figure 4).

Recently, a study that encompasses a comprehensive phylogenetic analysis of the caspase family
was published (Krasovec, et al. 2023). This study presents certain parallels with our study, especially in the
identification of specific monophyletic groups. For instance, both analyses recognize a group, which we
term Group lll, characterized by its dual Death Effector Domains (DED). Nonetheless, there are significant
differences as well. While the Krasovec et al. study recovers caspase groups based on domain structure,
our topology diverges from this pattern. This discrepancy likely stems from differing taxonomic sampling
strategies. Our analysis, in contrast to Krasovec et al. which uses 76 sequences, incorporates 163
sequences from various major metazoan lineages, with a particular emphasis on the Cnidaria phylum.
These methodological differences highlight the distinct perspectives each study brings to understanding
the evolution of the caspase family. Additionally, our phylogenetic analysis primarily aims to ascertain the

placement of different N. vectensis genes within this evolutionary context.

dsRNA induces a conserved antiviral response pathway across metazoans

To obtain a wider picture on the evolution of the antiviral apoptotic response in animals, we
analyzed data from seven studies (Zhang, et al. 2017; Hagai, et al. 2018; Linehan, et al. 2018; Lafont, et al.
2020; Lewandowska, et al. 2021; Bar Yaacov 2022; Tassia, et al. 2023) focused on the gene expression
response to immune challenges. These studies specifically employed poly (I:C) as a viral mimic.
Importantly, Bar Yaacov's 2022 study on the planarian Schmidtea mediterranea employed double-
stranded RNA virus, rather than poly (I:C), as the immunological challenge. Despite differences in the

species studied, experimental designs, and analytical methods, these studies collectively contribute to our
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understanding of dsRNA's influence on apoptosis on an evolutionary scale. Based on the results of the
gene ontology (GO) analysis conducted in each study, we found that GO terms related to apoptosis are
significantly enriched in all the studies, except for the hemichordate Saccoglossus kowalevskii, which did
not show any significant GO terms related to apoptosis (Figure 5). Similarly, under the apoptosis
categories, we pinpointed clusters of upregulated genes within crucial protein families in the apoptotic
pathway, including caspases (both initiators and executioners), anti-apoptotic regulators like the Bcl-2
family members, and pro-apoptotic factors such as Apoptotic Protease-Activating Factor 1 (Apaf-1), Tumor
Necrosis Factor (TNFs), and TNF Receptor Associated Factor (TRAFs) (Figure 5). The majority of lineages

exhibited a shared upregulation of these genes.

Discussion

The co-evolution of viruses with their hosts has led to the emergence of viral pathogens that are
capable of evading or actively suppressing host immunity (Chan and Gack 2016). The ability to recognize
and respond to foreign nucleic acids among an abundance of self nucleic acids in an organism is, therefore,
crucial for host fitness (Schlee and Hartmann 2016). Long dsRNA in the cytosol is a hallmark of DNA and
RNA virus replication and is absent from an uninfected host cell (Weber, et al. 2006; Son, et al. 2015). In
vertebrates, poly(l:C), which mimics dsRNA, binds to and triggers the activation of the RNA sensors PKR,
OAS1, TLR3, MDAS and RIG-I, and consequently poly(l:C) or its derivatives have been used as a tool to
identify and characterize dsRNA recognition receptors and ligand requirements (Alexopoulou, et al. 2001;
Yoneyama, et al. 2004; Gitlin, et al. 2006; Kato, et al. 2006; Kato, et al. 2008; Goubau, et al. 2014). Following
recognition of poly(l:C), MDAS signals via MAVS and IRF3-IRF7 to induce type | INFs which enables infected
cells to “alert” neighboring cells against incoming infection and recruit cells of the immune system to battle

the virus (Stetson and Medzhitov 2006; Ivashkiv and Donlin 2014). Additionally, MAVS activation promotes
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apoptosis through several pathways (Besch, et al. 2009; Chattopadhyay, et al. 2010a; Glas, et al. 2013; El
Maadidi, et al. 2014; Kumar, et al. 2015).

In contrast to vertebrates, most invertebrates, such as insects, plants and nematodes, lack
interferons and are thought to rely mainly on RNA interference (RNAi) for antiviral defense (Schlee and
Hartmann 2016). However, limited phyletic sampling makes it impossible to determine what was the
original mode of action of these systems in their last common ancestor (lwama and Moran 2023) and
whether apoptosis was also induced by viral challenges in early animals. We have previously shown that
N. vectensis responds to poly(l:C) by upregulating immune-related genes (Lewandowska, et al. 2021) but
it remained unclear whether the observed gene expression changes are associated with a phenotype.
Here, we filled that gap by showing that N. vectensis is capable of inducing apoptosis by exposure to dsRNA
alone, both ex-vivo (Figure 1) and in-vivo (Figure 2). In fact, regulation of apoptosis was the most
significantly enriched set of genes in GO analysis (Figure 3). Our phylogenetic analysis (Figure 4) identified
orthologs for all four caspase genes responsible for apoptosis in mammals, out of which 3 were
upregulated upon poly(l:C) treatment.

Our findings challenge the dichotomy found in the literature between the antiviral immune
systems of vertebrates and invertebrates as it seems that N. vectensis is capable of activating apoptosis as
a response to dsRNA challenge. Our transcriptomic analysis (Figure 3) indicated that both intrinsic and
extrinsic pathways are activated in response to dsRNA. This result is in agreement with our cross species
comparative transcriptomic analysis (Figure 5) that demonstrated that (1) most representative metazoans
(6 out 7 analyzed) respond to dsRNA by significantly upregulating genes related to apoptosis, and (2) the
upregulated genes were mostly conserved between distant species. However, in some lineages it seems
that the apoptotic response to dsRNA was lost. For instance, the hemichordate Saccoglossus kowalevskii
did not exhibit a transcriptomic response to poly(l:C). Similarly, in the nematode C. elegans, which has

been extensively studied in the context of apoptosis, dsRNA injection did not induce apoptosis (Adamo, et
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al. 2012). It is possible that apoptosis was decoupled from dsRNA in C. elegans as a consequence of a
highly efficient RNAI response.

In recent years, a growing body of evidence indicate that other forms of cell death are also
involved in the antiviral response. In particular, necroptosis, a regulated form of necrotic cell death
(Pasparakis and Vandenabeele 2015), and pyroptosis, a regulated form of inflammatory lytic cell death
mediated by gasdermin proteins (Verdonck, et al. 2022), are important host defense strategies for
eliminating viral infected cells. The latter was observed in cnidaria in the context of antibacterial response
(Jiang, et al. 2020; Chen, et al. 2023a). Our phylogenetic analysis revealed that the N. vectensis gene
(NVE20429) orthologous to the Hydra vulgaris gene (Figure 4) which was recently reported to be involved
in pyroptosis was not upregulated upon poly(l:C) treatment. However, a Gasdermin-encoding gene
(NVE20414) was upregulated (LFC=1.8, p=0.0014) at 24 hpi. Importantly, gasdermins are regulated post-
translationally by proteolytic cleavage (Xia, et al. 2020). Therefore, based on our data we cannot exclude
the possibility that pyroptosis is also activated in response to dsRNA. Further research is required to
determine whether pyroptosis and apoptosis are activated simultaneously or whether these two
processes are mutually exclusive in N. vectensis.

In conclusion, our findings in N. vectensis, together with our cross-species analysis in the current
study, suggest that induction of apoptosis by dsRNA is an ancient response that was present already in the

last common ancestor of cnidarian and bilaterian animals, that lived 600 million years ago.

Methods

Sea anemone culture

N. vectensis polyps were grown in 16 %o sea salt water (Red Sea, Israel) at 18 °C. Polyps were fed with
Artemia salina nauplii three times a week. Spawning of gametes and fertilization were performed

according to a published protocol (Genikhovich and Technau 2009) as follows: in brief, temperature was
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raised to 25 °C for 9 h and the animals were exposed to strong white light. Three hours after the

induction, oocytes were mixed with sperm to allow fertilization.

Cell dissociation

Animals were dissociated into single cells as previously described (Admoni, et al. 2020). Briefly, planulae
were washed twice with calcium/magnesium free and EDTA free artificial seawater (17 mM Tris-HCl, 165
mM NacCl, 3.3 mM KCl and 9 mM of NaHCOj3; final solution pH 8.0) and incubated with 50 pg/ml liberaseTM
(Roche, Switzerland) at room temperature for 5-10 minutes with occasional gentle pipetting, until fully
dissociated. The reaction was stopped by adding 1/10 volume of 0.5 M EDTA solution. The suspension was
filtered using a 35 um cell strainer. Cells were then centrifuged at 500 x g at 4 °C and resuspended in 1x
calcium/magnesium free sterile PBS (Hylab, Israel). Cells were counted on hemocytometer and viability

was determined using trypan blue (Thermo Fisher Scientific, USA).

Primary cell culture

Animals were grown at 25 °C for 48 hours post fertilization and dissociated into single cells as described
in the previous section. Cells were washed 3 times in PBS before seeding. Viability was assessed using
trypan blue. Cell suspension with viability of more than 80 % was used for cell culture. 200,000 cells
were seeded per well in a 24 well plate. Cells were grown at 25 °C in L-15 medium (Biological Industries,

Israel) supplemented with 10 % FBS, 1 % Pen-Strep, and 2 % 1M HEPES buffer solution.

Transfection

Transfection was done using lipofectamine 3000 (Thermo Fisher Scientific) according to the

manufacturer’s instructions, using high dose lipofectamine.
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Flow cytometry

FACSAria Il (BD Biosciences, USA) equipped with 405 nm, 408 nm, 561 nm and 633 nm lasers was used to
quantitively assess apoptosis. Per run, 30,000 events were recorded. Helix NP (Ex430/Em470) (Biologend,
USA) was used to determine viability. To monitor apoptosis, Apotracker-green (Ex488/Em520)
(BioLegend) was used according to the manufacturer’s instructions. FCS files were further analyzed using
FlowJo V10 (BD Biosciences, USA). Each measurement consisted of 3 biological replicates, unless indicated

otherwise.

Imaging cytometry

Dissociated cells treated with either CHX or DMSO control were assessed quantitatively using an Amnis®
ImageStream* Mk Il apparatus (Luminex, USA) equipped with 405nm, 488nm, 642nm and 785nm (SSC)
lasers and 6 acquisition channels, using a 60X magnification objective, with low flow rate/ high sensitivity
using INSPIRE200 software (Luminex, USA). The INSPIRE200 software was set up using the following
parameters: Channel 01 (bright field), Channel 02 for detecting laser 488nm, and Channel 05 detecting
laser 642nm. Dissociated cells were stained with 200nM Apotracker green (Ex488/Em520) (Biolegend)
and with 1:100 dilution of the Zombie NIR (Ex642/Em746) fixable viability dye (Biolegend) for 15 minutes
at room temperature. Cells were then washed twice with PBS and resuspended in 100ulL of PBS in 1.5 ml
Eppendorf tubes. About 107 cells per sample were used for data acquisition. A total of 10,000 single events
were acquired within the focused singlet gate. Focused events were determined by the Gradient RMS
parameter for Ch01 and single cells were determined by plotting the area of the events (X-Axis) vs. aspect
ratio (Y-Axis) for Ch01. All subsequent analysis was done on this population of cells. Image analysis was

run using IDEAS® 6.3 software (Luminex, USA), circularity feature was determined using the Shape Change
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Wizard, which provided circularity score for each population by measuring the degree of the mask’s

deviation from a circle.

Caspase3 activity assay

For each condition (NaCl vs. poly(l:C)), about 150 injected animals were snap frozen in liquid nitrogen and
stored in -80 °C. Caspase-3 Assay Kit (colorimetric) (abcam, UK) was used according to the manufacturer’s
instructions. Briefly, cell pellet was lysed in lysis buffer using a homogenizer. Protein quantification was
done using BCA assay (Cyanagen, Italy). Same amounts of protein were loaded into each reaction, ranging
from 30 pg to 40 pg depending on the yield. Absorbance was measured at 400 nm after 2 hours using a

microplate reader (BioTek, USA).

Poly(1:C) microinjection

To stimulate the antiviral immune response in N. vectensis, we used poly(l:C) (Invivogen, USA) as dsRNA
viral mimic. We used 3.125 ng/ml of high molecular weight (HMW) poly(l:C) in 0.9 % NaCl (with an average
size of 1.5-8 kb), and 0.9 % NaCl as a control. This concentration was determined as sub-lethal in previous
titration experiments (Lewandowska, et al. 2021). In each experiment 100-150 zygotes were microinjected
and flash frozen in liquid nitrogen at 6 hours, 24 hours, and 48 hours after injection, and then stored at -

80 °C until processed.

Mitomycin-c and cycloheximide treatments

Zygotes were de-jellified using 3 % cysteine (Merck Millipore, USA), washed 6 times in N. vectensis medium
(16 %o artificial sea water), and incubated with either 60 UM mitomycin-c (Sigma-Aldrich, USA), 2 mM
cycloheximide (Abcam, United Kingdom), or an equivalent concentration of DMSO in 24-well plate
containing 500 uL N. vectensis medium. 200-500 zygotes were grown per well. 48 hours later cells were

dissociated from planulae as described in previous sections, stained with Apotracker-green and subjected
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to flow cytometry. For ex vivo experiments, cells were dissociated and seeded in 24-well plates as
described in Primary cell culture section. 2 mM cycloheximide (Abcam, Cambridge, United Kingdom) or an
equivalent concentration of DMSO (Sigma-Aldrich) was used to treat dissociated cells for 48 hours. Cells

were then subjected to flow cytometry as described in previous sections.

RT-qPCR

To test the effect of extracellular poly(l:C), 50 zygotes were incubated with 0.5 pg/uL of poly(l:C) in a total
volume of 1 ml 16 %o sea salt water (growth medium) (Red Sea, Israel) for 24 hours at 24 °C. as controls,
50 zygotes were incubated only with growth medium. The animals were harvested and snap frozen in
liquid nitrogen 24 hours post fertilization. We compared this result to poly(l:C) injection as follows: 200
zygotes were injected with 3.125 ng/uL of poly(l:C) and snap frozen at 24 hpi. For the control group, 200
zygotes were injected with 0.9 % NaCl. Total RNA was extracted using TRIzol reagent (Thermo Fisher
Scientific) according to the manufacturer’s instructions. 500 ng of RNA was used as a template for cDNA
synthesis using super script Ill reverse transcriptase (Thermo Fisher Scientific). Fast SYBR Green Master
Mix (Thermo Fisher Scientific) was used for amplifying the cDNA. The samples were measured using the

StepOnePlus Real-Time PCR System v2.3 (ABI, Thermo Fisher Scientific).

GO functional analysis

Raw reads files obtained from Lewandowska et al. (2021) were aligned to N. vectensis reference genome
(NCBI accession number: GCA_000209225.1) using STAR version 2.7.10a (Dobin, et al. 2013) and reads
mapped to gene models were summarized using featureCounts Version 2.0.1 (Liao, et al. 2014).
Differentially expressed genes between each treatment and control samples were identified using DESeq2
(Love, et al. 2014) and edgeR (Robinson, et al. 2010) (absolute log2 fold change > 1 and adjusted p value
< 0.05). Only genes identified as differentially expressed by both the edgeR and DESeq2 methods were

used in subsequent analyses (Supplementary file 1). We utilized blastp (Altschul, et al. 1990) and
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DIAMOND (Buchfink, et al. 2021) for functional annotation to identify the most similar homologs for each
protein within the merged N. vectensis predicted proteome (comprising both JGI and Vienna annotations).
These searches were performed against Uniprot database (UniProt 2023). Searching for ontology terms
was carried out through QuickGO (Binns, et al. 2009). GO enrichment analysis was performed on sets of
up-regulated genes using clusterProfiler (Wu, et al. 2021). A barplot per time point displayed up to 15 of

the most significant GO terms (adjusted p-value < 0.05).

Phylogenetic analysis

Sequence dataset construction

Putative metazoan caspases were identified by using tBLASTn and BLASTp searches with human caspases
used as queries on NCBI, Uniprot and on downloaded genomes followed by reciprocal BLAST. Sequences
with an e-value inferior to 1e-5 were retained. All identified sequences were analyzed with SMART (Letunic
and Bork 2018) and InterProScan (EMBL-EBI) to verify the presence of caspase (CASc) domains. A full list
of all protein sequences used in the BLAST search and phylogenetic analysis are provided in supplementary
file 2. Reticulomyxa filosa (Foraminifiera) caspase homologues were used as outgroup. Protein sequence
alignment was generated using the L-INS-i algorithm in MAFFT software version 7 (Katoh and Standley

2013), with default parameters.

Tree reconstruction

Phylogenetic analyses were conducted using amino-acid alignment (supplementary file 4), employing the
Maximum-Likelihood (ML) method in IQ-TREE2 (Nguyen, et al. 2015) and Bayesian Inference (BI) analysis
conducted in MrBayes version 3.2.6 (Ronquist, et al. 2012), respectively. Models of protein sequence

evolution for ML (AIC criteria) and Bl (BIC criteria) analyses were estimated using ModelFinder
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(Kalyaanamoorthy, et al. 2017). Branches support of the ML tree was assessed through 1000 ultrafast
bootstrapping replicates (UBS) (Hoang, et al. 2018), 1000 bootstrap replicates for SH-aLRT (Guindon, et al.
2010) and an approximate aBayes test (Anisimova, et al. 2011). For bayesian inference analysis, two
independent runs were carried out, each with four simultaneous Markov chains over 2,000,000
generations and sampled every 1000 generations. Convergence was checked using Tracer (Rambaut, et
al. 2018). The consensus tree, along with the posterior probabilities of clades, was derived from trees
sampled across the two runs. 25% of the sampled trees were discarded as burn-in. The resulting trees

were visualized using figtree version 1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/).

Cross-species comparative transcriptomic analysis

To contextualize our findings within a comparative evolutionary framework, we analyzed the
transcriptomic response to dsRNA viral mimic poly(l:C) across seven species (N. vectensis, Homo
sapiens, Mus musculus, S. kowalevskii, Crassostrea gigas, Branchiostoma belcheri, and Schmidtea
mediterranea) from diverse metazoan phylogenetic lineages. The aim was to ascertain whether dsRNA
impacts apoptosis by examining the outcomes of the gene ontology (GO) analysis conducted in each study,
and consequently, to identify if the genes within the apoptosis pathway are up-regulated. Detailed

information on each of the studies used is found in supplementary file 3.
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Figure legends

Figure 1. poly(l:C) induces cell death ex vivo. (a) Apotracker green was used to quantify apoptosis 24 hours
following 2 ug/ml poly(l:C) transfection in N. vectensis derived cells. Fluorescence intensity determined by

flow cytometry is shown on a logarithmic scale in arbitrary units on the X axis. The histograms were
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normalized to the mode. Mock transfected cells are shown in light blue and poly(l:C) transfected cells are
shown in red. (b) Quantification of the data shown in (a). The bars represent median fluorescence intensity
(MFI). Error bars represent standard deviation. (c) N. vectensis derived cells were transfected with poly(l:C)
labeled with rhodamine. Rhodamine negative cells (shown in blue) were then compared to rhodamine
positive cells (shown in orange). (d) Quantification of the data shown in (c). The bars represent median
fluorescence intensity (MFI). Error bars represent standard deviation. Three biological replicates were used
for each condition. 30,000 events were recorded per sample. All comparisons were done by one sided t-

test. Individual data points are shown as a jitter. * p<0.05, **p<0.01, ***p<0.001.

Figure 2. poly(l:C) increases caspase-3 activity in-vivo. Zygotes were injected with poly(l:C) and subjected
to caspase-3 activity colorimetric assay. Optical density was measured at 400nm. (a) Lysates were obtained
from either poly(1:C) or NaCl control treated embryos at 6 hours post injection (hpi), (b) at 24 hours post
injection, and (c) at 48 hours post injection. (d) Optical density in poly(l:C) treated animals (relative to its
NaCl treated controls) at different time points. Three biological replicates were used for each condition.
For panels (a)-(c) one-sided t test was performed. For panel (d) one way ANOVA test with Tukey’s post hoc

test was performed. Individual data points are shown as a jitter. * p<0.05, **p<0.01, ***p<0.001.

Figure 3. Micronjection of the dsRNA viral mimic poly(l:C) induces activation of apoptosis pathway genes.
(A) Volcano plots showing differentially expressed genes (DEGs) in N. vectensis after poly(l:C)
administration at 24 hpi and 48 hpi. Significantly up- and downregulated genes (adjusted P-value < 0.05
and absolute log, fold change > 1) are highlighted in purple and orange, respectively. Among those, genes
associated with the apoptosis pathway are highlighted, along with their names. (B) The bar plots illustrate
enriched Gene Ontology (GO) terms, showcasing the Top 15 and Top 10 overrepresented biological process

GO terms among up-regulated genes at the 24 hpi and 48 hpi time points, respectively. All terms displayed
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are statistically significant as per the hypergeometric test (with a Benjamini-Hochberg corrected P-value <
0.05). (C) A simplified schematic illustrates the proposed intrinsic and extrinsic apoptotic signaling
pathways in N. vectensis based on the components depicted are up-regulated post poly(l:C) administration

at 24 hpi and possess homologs in their metazoan counterparts.

Figure 4. Phylogenetic relationship among metazoan caspases. Numbers on nodes, separated by slashes,
represent SH-aLRT, approximate Bayes test, and ultrafast bootstrap support values, in that order, for
Maximum Likelihood (ML) analysis. The domain organization is displayed alongside each clade. CASc:
caspase domain, CARD: caspase-recruitment domain, DED: death-effector domain, NHR: neuralized
homology repeat. Sequences from N. vectensis are highlighted in bold magenta and presented in a larger
font. Some of these sequences feature an asterisk, indicating that these genes are upregulated at the 24hpi
time point with a Log2 Fold Change > 1. Homo sapiens sequences are highlighted in bold blue. Rfi:
Reticulomyxa filosa, Aqu: Amphimedon queenslandica, Adi: Acropora digitifera, NVE: N. vectensis
vectensis, Sca: Scolanthus callimorphis, Ate: Actinia tenebrosa, Dme: Drosophila melanogaster, Dre: Danio
rerio Hsa: Homo sapiens, Mmu: Mus musculus, Spu: Strongylocentrotus purpuratus, Cgi: Crassostrea gigas,
Cte: Capitella teleta, Sko: Saccoglossus kowalevskii, Mvi: Morbakka virulenta, Aau: Aurelia aurita, Edi:
Exaiptasia diaphana, Spi: Stylophora pistillata, Hvu: Hydra vulgaris, Che: Clytia hemisphaerica, Cel:
Caenorhabditis elegans, Mle: Mnemiopsis leidyi, Bbe: Branchiostoma belcheri, Tsp: Trichoplax sp., Hsy:

Hydractinia symbiolongicarpus.

Figure 5. A simplified phylogenetic tree representing selected groups, highlighting the regulatory patterns
of key apoptosis gene families. In this representation, a check mark (V) denotes the up-regulation of a
gene, while an X indicates the absence of upregulation following exposure to the dsRNA viral mimic
poly(l:C) or virus. *The study pertaining to Platyhelminthes utilized a dsRNA virus as opposed to poly(l:C).
**This information is synthesized from two separate studies. The specific details of each study are available

in supplementary file 3.


https://doi.org/10.1101/2023.11.20.567790
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.20.567790; this version posted November 20, 2023. 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 4.0 International license.

Supplementary figure 1. ImageStreamX morphological analysis of cycloheximide treated N. vectensis
derived cells. N. vectensis zygotes were treated with 2 mM cycloheximide (CHX) or an equivalent
concentration of DMSO for 48 hours. Cells were dissociated and stained with Apotracker green and the
viability dye Zombie NIR. (a) Representative images of cells that were negative to Apotracker green and
Zombie NIR (first 3 rows), cells that were positive to Apotracker green (rows 4-6), and cells that were
positive to both Apotracker green and Zombie NIR (last 3 rows). (b) Histogram comparing the difference
in Apotracker green intensity in DMSO versus CHX treated cells. The summary statistics is shown in the
table. (c) Comparison of circularity score across cells that are negative to both markers (live), positive to
Apotracker green (early apoptosis), and positive to both markers (late apoptosis). One way ANOVA test
with Tukey’s post hoc test was performed. Individual data points (single cells) are shown as a jitter. *

p<0.05, **p<0.01, ***p<0.001.

Supplementary figure 2. Cycloheximide (CHX) and mitomycin-c (MMC) induce apoptosis in N. vectensis
that can be detected using Apotracker-green. (a) Cells were dissociated from 48 hours old planulae and
treated with 2mM cycloheximide or DMSO for 48 hours. Cells were than stained with Apotracker-green
and subjected to flow cytometry analysis. Representative result is shown. (b) quantification of (a). Three
biological replicates were used. Error bars indicated standard deviation. (c) Zygotes were incubated with
mitomycin-c or DMSO for 48 hours. Cells were then dissociated and subjected to flow cytometry analysis.
Representative result is shown. (d) quantification of (c). Four biological replicates were used. (e) zygotes
were injected with poly(l:C) and the mRNA expression levels of RLRa and RLRb were measured by RT-gPCR.
(f) zygotes were incubated with a high concentration of poly(l:C) (0.5 ug/uL) and subjected to RT-qPCR as
described in (e). Error bars indicate standard deviation. All comparisons were done by two-sided t-test.

Individual data points are shown as a jitter. * p<0.05, **p<0.01, ***p<0.001.
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Supplementary figure 3. Transfection efficiency of rhodamine labeled poly(l:C) in N. vectensis derived
cells. Dissociated cells were seeded overnight and transfected using lipofectamine 3000. Transfection
efficiency was determined after 24 hours by flow cytometry analysis. (a) representative result of cells
transfected with 2 pg/ml unlabeled poly(l:C). (b) representative result of cells transfected with 2 pg/ml

rhodamine labeled poly(l:C). (c) Quantification of (a) and (b). Error bars indicate standard deviation.

Supplementary figure 4: Tree obtained from the phylogenetic analysis using Bayesian inference.

Thresholds of logFC > 1 and adjusted p-value<0.05 were used to define differential expression.

Supplementary file 1: Table - Genes identified as differentially expressed by both the edgeR and DESeq2

methods.

Supplementary file 2: Table - A full list of all protein sequences used in the BLAST search and

phylogenetic analysis.

Supplementary file 3: Detailed information on each of the studies used in cross-species comparative

transcriptomic analysis.

Supplementary file 4: FASTA file - Amino-acid alignment used in the phylogenetic analysis.
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