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Abstract

The diversified NF-kB transcription factor family has been extensively characterized in
organisms from flies to humans. However, homologs of NF-kB and many upstream
signaling components have recently been characterized in basal phyla, including Cnidaria
(sea anemones, corals, hydras, jellyfish), Porifera (sponges), and single-celled protists
including Capsaspora owczarzaki and some choanoflagellates. Herein, we review what is
known about basal NF-kBs and how that knowledge informs on the evolution and
conservation of key sequences and domains in NF-xB, as well as the regulation of NF-xB
activity. The structures and DNA-binding activities of basal NF-kB proteins resemble
mammalian NF-kB p100 proteins, and their post-translational activation appears to have
aspects of both canonical and non-canonical pathways in mammals. Several studies
suggest that the single NF-kB proteins found in some basal organisms have dual roles in
development and immunity. Further research on NF-«B in invertebrates will reveal
information about the evolutionary roots of this major signaling pathway, shed light on
the origins of regulated innate immunity, and may have relevance to our understanding of
the responses of ecologically important organisms to changing environmental conditions

and emerging pathogen-based diseases.

Keywords: NF-kappaB, evolution; development; innate immunity; signal transduction

Running title: NF-xB in basal invertebrates
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INTRODUCTION

The Nuclear Factor-kB (NF-kB) superfamily comprises a group of related
transcription factors that have been intensively studied for their involvement in
development and immunity since their near simultaneous discovery in a retrovirus, flies,
and mice almost 35 years ago (1-5). Indeed, there are now approximately 100,000 papers
on NF-«B, the vast majority focusing on mammals, flies, and viruses. However, with the
proliferation of genomic and transcriptomic sequencing over the past decade, it has been
discovered that many organisms ostensibly less complex than insects have NF-kB-like
genes (6—13). Herein, we critically review what is known about NF-kB in these more
basal organisms, namely cnidarians, poriferans, and protists.

All NF-kB proteins are related by an N-terminal DNA-binding and dimerization
region called the Rel Homology Domain (RHD) containing a nuclear localization
sequence (NLS), and the RHD allows them to enter the nucleus, bind to specific DNA
sites (“kB sites”), and activate or repress transcription of target genes for specified
biological outcomes (14). In vertebrates and flies, the NF-xB superfamily can be divided
into two subfamilies: the NF-kB proteins that consist of vertebrate p100 and p105 and
Drosophila Relish; and the Rel proteins, which include vertebrate RelA, RelB, and c-Rel,
as well as Drosophila Dif and Dorsal (14). Thus, flies and vertebrates all contain multiple
NF-«B proteins that, for the most part, show complete combinatorial diversity by forming
homodimers and heterodimers, which have distinct DNA target site specificities. The two
subfamilies can be distinguished phylogenetically by sequence alignment of their RHDs,
and by sequences C-terminal to the RHD. That is, NF-«kB proteins contain C-terminal

inhibitory Ankyrin (ANK) repeat domains and Rel proteins contain C-terminal
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transactivation domains (Fig. 1). The ANK repeats, either within the NF-xB proteins
themselves or in a separate family of NF-kB inhibitors (IxBs), regulate the subcellular
localization of NF-kBs by binding to the RHD and sequestering them in the cytoplasm.
Activation of the pathway by an appropriate upstream signal results in the degradation of
the ANK repeat inhibitor, thus allowing the NF-xB dimer to enter the nucleus and bind
DNA (14, 15). NF-xB p100 and p105 proteins also contain a C-terminal death domain
(DD) that is important for protein-protein interactions with other members of the DD
superfamily, which serve as adaptors in signaling pathways and/or to recruit other
proteins into signaling complexes (15).

Many evolutionarily conserved receptors can elicit downstream signals to activate
NF-«B translocation to the nucleus. These receptors include Toll-like receptors (TLRs),
tumor necrosis factor (TNF) receptors, and interleukin-1 receptors (IL-1Rs) (15), which
interact with cytoplasmic adaptor proteins (e.g., MYD88 and MAL) to initiate
downstream signaling. Once the pathway is activated, a series of phosphorylation events
leads to the degradation of the ANK repeat inhibitor sequences, freeing NF-«xB to
translocate from the cytoplasm to the nucleus. In vertebrates, activation of NF-«xB
generally happens in one of two ways. In the canonical pathway, activation of an kB
kinase B (IKKP) complex results in phosphorylation of an independent IxB protein, and
phosphorylated IkB then undergoes ubiquitination and proteasomal degradation to
liberate the NF-kB dimer. In the non-canonical pathway, activation of the related kinase
IKKa leads to phosphorylation of a serine cluster located C-terminal to the ANK repeats
on the p100 protein (16). These phosphorylations result in proteasomal processing of the

inhibitory ANK repeats on p100 until the proteasome reaches a glycine-rich region
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(GRR). At the GRR the proteasome falls off, generating p52, a C-terminally truncated
version of p100 that can enter the nucleus (16). Similar pathways exist in flies, except the
p100 homolog Relish has no GRR and the truncated, active form of Relish is generated
by a site-specific proteolytic cleavage that removes the ANK repeat region (17).

Genomic and transcriptomic sequencing data strongly suggest that NF-kB was
also pervasive through early evolution, based on the presence of NF-xB-like homologs in
many extant organisms basal to flies and vertebrates. NF-kB homologs have been
identified in single-celled organisms such as the protists Capsaspora owczarzaki (11) and
choanoflagellates (12), which are hypothesized to be the closest living relatives to
multicellular animals. NF-kBs have also been identified in a variety of basal marine
organisms, including poriferans (sponges) and cnidarians (corals, sea anemones, hydras,
and jellyfish) (7-10, 13). In most of these basal organisms, there are single NF-xB
proteins, which, as discussed below, most closely resemble NF-kB subfamily proteins
such as Relish and p100. Curiously, no NF-kB homologs have been found in nematodes
(e.g., Caenorhabditis elegans), where the pathway appears to have been lost.

As discussed in this review, only recently have several studies investigated how
transcription factor NF-kB and its upstream and downstream pathways function in early-
branching organisms. We provide insight into how this highly conserved transcription
factor and its regulatory pathway arose, describe domains that have appeared at pivotal
points of evolution and biological processes likely controlled by NF-xB, and discuss

areas of basal NF-xB knowledge that remain unanswered.

STRUCTURES OF BASAL NF-kB PROTEINS
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Many basal eukaryotes have NF-kB proteins that are structurally and
phylogenetically most similar to vertebrate NF-kB proteins rather than Rel proteins. In
most cases, these organisms have single p100-like RHD-ANK repeat NF-kB proteins.
For example, the protist Capsaspora, the sponge Amphimedon queenslandica, and
several cnidarians all have NF-kBs with an RHD and C-terminal ANK repeats on the
same transcript (8, 18-23). Many ANK repeat-containing proteins are found throughout
the genomes of archaea, bacteria, and all plants and animals (24, 25), and therefore, we
think it likely that during the evolution of eukaryotes there arose a primitive RHD-only
protein, which developed the ability to interact with a pre-existing ANK repeat-
containing protein. At some point, these interacting RHD and ANK-repeat genes fused to
create the more modern single RHD-ANK-repeat protein.

Nevertheless, some basal organisms have NF-kB-like proteins without C-terminal
ANK repeat domains. Among protists, several choanoflagellates have NF-kB-like
proteins that do not have C-terminal ANK repeat domains (12). Choanoflagellates
comprise a sister group to all metazoans, and are part of a diverse group of single-celled,
colony-forming organisms that live in waters around the world. Although the genomes of
the classically studied choanoflagellates Monosiga brevicollis and Salpingoeca rosetta do
not contain NF-kB homologs (26), a large-scale transcriptomic sequence analysis of 19
choanoflagellates (12) showed that 12 had transcripts that encode RHD-containing NF-
kB-like sequences (12). However, none of these 12 choanoflagellate NF-xB-like proteins
appears to have C-terminal ANK repeat domains (Fig. 1). Moreover, several
choanoflagellate NF-kB-like proteins also have extended N-terminal domains that are not

present in any other NF-kB proteins (Fig. 1, Table S1). Overall, these 19 choanoflagellate
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transcriptomes encode zero to three NF-kB-like proteins, none of which has C-terminal
ANK repeats. Indeed, it is not yet known whether choanoflagellate NF-kBs are regulated
by an ANK repeat-containing [kB-like inhibitor. The lack of ANK repeats in
choanoflagellate NF-kB proteins and the wide diversification of NF-kBs among
choanoflagellates are likely a result of 600 million years of independent evolution among
the diverse species of choanoflagellates. In contrast, the protist Capsaspora does contain
a bipartite RHD-ANK protein (11). Thus, the earliest NF-xB with an RHD-ANK fusion
likely arose in the protist lineage that led to Capsaspora, but was excluded or lost in the
lineage that led to choanoflagellates.

Although the choanoflagellate and Capsaspora NF-xBs differ from one another in
their overall structures (i.e., especially the absence of a C-terminal ANK-repeat region in
choanoflagellates), they share two motifs within their RHDs (Fig. 2, Motif 7 and 10 in
teal and yellow) that are not present in any metazoans. Among choanoflagellate NF-kBs,
there is a great deal of sequence diversity, which is consistent with the overall genetic
differences among choanoflagellates wherein the average phylogenetic distance between
any pair of choanoflagellates is greater than the phylogenetic distance between sponges
and mammals (12). Nevertheless, a Bayesian tree analysis of the 12 choanoflagellate
RHDs identified to date clusters them as an outgroup to several fly and vertebrate NF-
kBs and Rels, which demonstrates a clear divergence of the choanoflagellate NF-xBs
from the metazoan NF-kB superfamily (Fig. 2). In general, one finds that NF-kBs within
a single choanoflagellate species that has multiple NF-xB proteins (e.g., Salpingoeca
helianthicam) are highly related (Fig. 2), suggesting that they arose by gene duplication

events.
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Among poriferans, the fully sequenced genome of the demisponge Amphimedon
queenslandica encodes a single full-length NF-«xB protein that contains clear features of
the human p100 NF-kB protein: that is, it has an RHD, NLS, GRR, six ANK repeats, and
a DD (21, 27) (Fig. 1). However, between the GRR and the ANK repeats, A.
queenslandica NF-xB contains a region that has no known function and no homology to
any other protein (21, 27) (Fig. 1, yellow). More limited sequencing data indicate that
other sponges also contain NF-kB-like transcripts, which, to date, only contain RHD
sequences (28). Many of these sponge NF-kB-like proteins appear much shorter than the
prototypical NF-kB proteins, but this may simply be due to lack of sequence coverage;
for example, Corticium candelabrum is reported to have a transcript for NF-«xB that
consists of only 86 amino acids that are similar to the beginning of the RHD (28).

All characterized cnidarians appear to contain single NF-«xB proteins, but the
overall structures of these NF-kB proteins have diverged, in some cases, likely by gene-
splitting events. Thus, many cnidarians (the anemones Edwarseilla lineata (23) and
Exaiptasia pallida (22) and the corals Acropora digitifera, Stylophora pistillata,
Orbicella faveolata, and Pocillopora damicornis (18-20) have prototypical RHD-ANK
repeat bipartite proteins, whereas others have separate RHD and ANK repeat proteins.
In the best studied example of the latter, the sea anemone Nematostella vectensis has a
single 440 amino acid NF-kB-like protein that is most similar to the processed
vertebrate pS0/p52 NF-«kB proteins based on phylogenetic analysis of RHD amino acid
sequences, intron-exon structure of the RHD, and the presence of a GRR after the RHD
(29). Moreover, a separate N. vectensis gene encodes an IkB-like ANK-repeat protein

with substantial homology to C-terminal sequences of the ANK-repeat domains of
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vertebrate p100/p105 (29). That the separate N. vectensis NF-kB and IkB genes arose
due to a gene splitting event is supported by four lines of evidence: 1) the existence of
RHD-ANK repeat bipartite proteins in more basal organisms (e.g., Capsaspora, A.
queenslandica); 2) the presence of remnant GRR sequences at the C terminus of N.
vectensis NF-xB; 3) the homology of the separate N. vectensis IxB protein to
mammalian NF-kB protein C-terminal ANK repeats; and 4) the presence of an intact
RHD-ANK protein in the closely related anemone E. /ineata (23). Similar to N.
vectensis, the hydras Hydractinia symbiolongicarpus (30) and Hydra magnipapillata
(31) and the jellyfish Aurelia (13) have separate RHD-only NF-«B proteins and IxB-
like genes, all of which likely came about due to gene-splitting events, which are

common in cnidarians (32, 33).

ACTIVITY AND REGULATION OF BASAL NF-kBs

The activity and regulation of NF-kB proteins in vertebrates are now known in
great detail. Many of these properties are conserved in basal NF-kBs, however, there are
clear exceptions.

Although not formally shown, either biochemically or structurally, it is likely that
all basal NF-kB-like proteins bind conserved DNA sites as homodimers. For example, the
NF-kB-«B site protein-DNA complexes seen in electrophoretic mobility shift assays
using cnidarian and sponge NF-«kB proteins migrate in a manner suggesting that the NF-
kB proteins are dimers (18, 22, 27, 34). Furthermore, based on protein-binding
microarrays (PBMs), the NF-kB proteins of Capsaspora, the sponge 4. queenslandica,

and two sea anemones bind to a set of kB sites that are more similar to the sites bound by
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mammalian NF-xB proteins than by Rel proteins (22, 35) a biochemical finding that is
consistent with their overall structural organization and phylogenetic data.

Basal NF-«B proteins appear to be activators of kB site-containing promoters.
That is, the RHD sequences of sponge and cnidarian NF-«kB proteins function as
activators of transcription when expressed in reporter gene assays in yeast and human
cells (18, 22, 27, 34). The ability of these basal NF-kBs to function as independent
activators of transcription is more similar to Relish, which can act as a homodimeric
transcriptional activator (17), than to mammalian p50/p52 proteins, which are generally
activators of transcription when in heterodimers with a Rel protein (14, 15). No DNA-
binding or transcriptional regulatory studies have been performed with choanoflagellate
NF-«Bs.

The most extensive research on basal NF-kB activity has been done with the NF-
kB protein of the sea anemone N. ventensis (Nv-NF-kB). Curiously, it was found that
wild populations of these anemones have two major alleles of Nv-NF-«B that differ at 10
residues, six of which are in the RHD (36). Two of these variable residues are ones that
are predicted to contact DNA, and, as a consequence, one of the allelic Nv-NF-xB
proteins (Nv-NF-kB-C) binds DNA with an approximately two-fold higher affinity than
the other variant (Nv-NF-xB-S) (37). Despite its reduced DNA-binding activity, Nv-NF-
KkB-S activates transcription in reporter gene assays in human cells more effectively than
Nv-NF-kB-C (37). Overall, the PBM-based binding site profiles of both Nv-NF-kB
alleles still largely resemble that of mammalian p50 (22, 35). Interestingly, the DNA-
binding site profiles of Nv-NF-kB-C and Nv-NF-kB-S are as different from each other as

each is from human p50 (22), suggesting that within a given species (i.e., N. vectensis)

10
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there can be considerable flexibility in DNA binding site recognition that does not have
an obvious effect on the organism’s phenotype.

In the mammalian non-canonical pathway, human p100 is phosphorylated by
IKKa at a cluster of serine residues that are located C-terminal to the ANK repeats, and
this phosphorylation induces proteasomal processing of the C-terminal sequences up to
the GRR (16). This cluster of serine residues is conserved in many cnidarian NF-«Bs,
including those of the corals Pocillopora damicornis, Orbicella faveolata, Stylophora
pistillata, and Acropora millepora, and the sea anemones Actinia tenebrosa, Aulactinia
veratra, and Aiptasia, as well as one sponge (4. queenslandica) (7, 18-22, 27, 38, 39).
Furthermore, phosphorylation and proteasomal processing of NF-kBs from two
cnidarians (4iptasia and O. faveolata) and the sponge A. queenslandica can be induced
by co-expression of human IKKa and IKKJ or the single Aiptasia or O. faveolata IKKs
(18, 22, 27), suggesting that IKK-dependent processing of cnidarian and sponge NF-«xBs
can occur in their natural settings. However, no IKK homolog has yet been identified in
the sponge A. queenslandica. On the other hand, the Capsaspora NF-«B protein clearly
has C-terminal ANK repeats and a GRR, but it does not have any apparent C-terminal
IKK target site serine residues and no IKK can be found in the Capsaspora genome.
Overall, the emergence of IKK proteins appears generally coincident with the presence of
regulatory serine residues in the ANK repeat domains of basal NF-kBs. Taken together,
these findings suggest that phosphorylation-dependent processing of the RHD-ANK
repeat proteins was first invented in sponges and that a different form of regulated
processing occurs with Capsaspora NF-xB. Of note, the Drosophila Relish protein also

lacks C-terminal serine residues and a GRR and is processed by a site-specific protease
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cleavage event (17), and in some conditions, shortened human p105 NF-kB proteins can
be generated by ribosomal stalling (40).

For the N. vectensis NF-kB protein, which lacks C-terminal ANK repeats, it was
shown that the independent Nv-IkB could directly bind to Nv-NF-kB and that this Nv-
IxB could be phosphorylated by an Nv-IKK-related kinase (34). Thus, aspects of
canonical signaling may also be present in cnidarians.

Proteasomal-mediated processing has not been directly demonstrated to induce
nuclear translocation of any basal NF-«B in its natural setting. However, in a
reconstituted mammalian cell system, IKK-induced processing of the anemone Aiptasia
NF-kB can be blocked by a proteasome inhibitor (22). In addition, when expressed in
chicken tissue culture cells, the full-length RHD-ANK proteins of the coral O. faveolata,
the anemone Aiptasia, and the sponge 4. queenslandica are located in the cytoplasm, and
deletion of the ANK repeat domains of these NF-kBs causes them to localize to the
nucleus (18, 22, 27), suggesting that C-terminal processing would do the same in their
host organisms. Similarly, in these same assays, the naturally truncated anemone Nv-NF-
kB protein localizes to the nucleus, but it is sequestered in the cytoplasm when Nv-IkB is
co-expressed (34). Of note, although the C-terminal ANK repeat sequences block nuclear
translocation and reporter gene activation by the sponge NF-kB protein, the ANK repeats
do not inhibit NF-kB’s in vitro DNA-binding activity (27), unlike what is seen with NF-
kBs of cnidarians and other higher metazoans. Nothing is known about the subcellular
localization or regulation of the choanoflagellate NF-xB proteins, which lack a clear NLS

as well as C-terminal ANK repeats.
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Notwithstanding the above-described reconstitution experiments conducted with
cnidarian and sponge NF-«kBs in vertebrate cell systems, it is not known whether or how
regulated processing of basal NF-kBs occurs in any natural setting. Indeed, in both the
anemone Aiptasia (22) and one demosponge (27), most NF-kB protein is largely
processed and nuclear in the absence of any known stimulus. Furthermore, certain
treatments (e.g., bleaching in Aiptasia and LPS treatment of O. faveolata coral tissue)
may induce NF-xB activation by inducing transcriptional upregulation of NF-xB pathway

genes rather than C-terminal processing (18, 22).

BASAL NF-kBs LIKELY HAVE ROLES IN DEVELOPMENT AND IMMUNITY
One of the most important questions regarding NF-kB is what biological

processes are regulated by this transcription factor in cnidarians, sponges, and protists?

At least in cnidarians and sponges, there is evidence that NF-kB has roles in both early

development and adult immunity (Table 1).

Role of NF-kB in sponge and cnidarian development

In the sponge 4. queenslandica and several cnidarians, NF-«xB transcripts are
expressed in the early embryo. In A. queenslandica, fluorescent in situ staining has shown
that NF-«kB transcripts are broadly expressed throughout the embryo after cleavage, and
are particularly strong in granular cells, which eventually become the outer layer of the
developing embryo (21). Similarly, some cnidarians express NF-kB transcripts in the
early embryo and juvenile larvae (41-46). In the anemone N. vectensis, NF-xkB mRNA

expression is seen as early as one hour post fertilization (hpf) (43-46), and nuclear NF-kB
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protein was detected as early as the late gastrula stage (42). Morpholino-based
knockdown of NF-«B in the developing N. vectensis embryo led to a failure to develop
cnidocytes at the juvenile polyp stage (42). Cnidocytes are a Cnidaria-specific cell type
that is involved in a variety of sensing, prey capture, and perhaps defense roles (47). In
addition, morpholino knockdown of the single NF-kB-inducing Toll-like receptor (TLR)

transcript also led to an early developmental defect in N. vectensis (48).

Role of NF-kB in juvenile and adult sponges and cnidarians

NF-kB transcripts and proteins have also been detected in several cell types in
developed sponge tissues. Whole-mount in situ hybridization of juvenile sponge tissue
showed that NF-«xB transcripts are present in flask cells, which are large ciliated cells that
express a range of genes whose orthologues play roles in eumetazoan neurons (21). Two
recent studies (49, 50) performed single cell sequencing on different adult sponge cell
types, and they reported that NF-«xB transcripts were primarily expressed in two cell
types: choanocytes, which are cells that reside in the chambers that allow the sponge to
filter feed, and archaeocytes, which are motile phagocytic cells that are inside the
mesoglea. In a black encrusting sponge (Cliona sp.), nuclear NF-kB protein was detected
in several scattered cells throughout the animal (27). Furthermore, anti-NF-xB Western
blots of whole tissue extracts from this Cliona sp. contained proteins similar in size to the
NF-kB proteins of A. queenslandica. Treatment of this sponge tissue with
lipopolysaccharide (LPS, a potent TLR-to-NF-«B inducer in mammals) produced further
processing of the putative full-length NF-kB protein and an increase in kB-site binding

activity. Similarly, treatment of two Mediterranean species of sponges, Aplysina
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aerophoba and Dysidea avara with an immunogenic cocktail of LPS and peptidoglycan
led to the upregulation of immune-related receptors involved in signaling to NF-xB (51).

Taken together, the above studies suggest that NF-xB plays a role in a select
number of cells involved in sponge immunity. In one sponge, NF-kB protein appears to
be constitutively in its processed active state and in the nucleus of select cells (27).
Whether this constitutive nuclear localization of NF-«B is the result of a chronic
processing of this protein in the sponge or represents a naturally truncated isoform that is
preferentially expressed has not been determined.

Several studies have suggested that NF-kB also has a role in immunity in adult
cnidarians. In the anemone N. vectensis, cytoplasmic NF-xB and IkB are expressed in a
subset of cnidocytes in the body column of juvenile and adult anemones (42). NF-xB
protein is also highly expressed in cnidocytes that are present in circulating multicellular
bodies called nematosomes, which also express high levels of TLR and c-GAS-STING
innate immune signaling components that are upstream of NF-«kB (48, 52). Those results,
along with the ability of nematosomes to take up bacteria (48, 52), suggest that the
nematosome is a primitive circulating immune organ in some anemones.

Aiptasia is a tropical anemone that has been used as a model for cnidarian
symbiosis with algal dinoflagellates in the family Symbiodiniaceae (53). Infection of both
larval and adult Aiptasia with algal symbionts of certain strains results in down-
regulation of NF-«B transcripts, protein, and DNA-binding activity (22, 54, 55).
Conversely, induction of loss-of-symbiosis with either chemical or heat treatment results
in increased levels of NF-kB expression and activity (22), and Aiptasia lacking symbionts

are more resistant to bacterial infection than ones with symbionts (55). These results have
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led to the hypothesis that suppression of NF-kB-directed immunity is required for the
establishment of algal symbiosis in some cnidarians, similar to what has been found in
amphibians (56). It is noteworthy that the symbiont-modulated changes in NF-«xB activity
in Aiptasia occurred primarily at the level of expression (22), and not by post-
translational induction as generally seen in vertebrate systems. That is, both symbiotic
and aposymbiotic Aiptasia had nuclear NF-kB-staining cells, but NF-kB-staining cells
were substantially increased in Aiptasia in which symbiont loss had occurred (22).

The research on NF-«B in Aiptasia is of high interest because corals host the same
family of algal symbionts and because ocean warming-induced loss of symbiosis
(“bleaching”), as well as microbial pathogen infections, are causing large-scale loss of
coral reef health (53). Several studies have also investigated NF-«xB and NF-kB pathway
gene expression in corals, and such studies further suggest a role for NF-kB in immunity
and symbiosis/dysbiosis (Table 1). For example, transcripts encoding NF-kB and its
signaling components have been identified in transcriptomes from bleached O. faveolata
(57), and treatment of O. faveolata tissue with LPS resulted in differential expression of
genes in a manner that indicated activation of the NF-xB pathway (18). Furthermore, NF-
kB mRNA was substantially upregulated in the coral Acropora palmata following
extended exposure to elevated water temperature (58). While another study found that
NF-«B transcripts were only transiently induced shortly after heat treatment in the coral
Acropora hyacinthus (59). Thus, NF-kB may be affected in different ways in different
cnidarians undergoing heat stress-induced changes. Additionally, some studies have

shown an increase in transcripts encoding members of the NF-xB pathway in corals with
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microbial diseases (18, 60), further suggesting that NF-kB has an immune-related role in
cnidarians.

Several lines of evidence suggest that TLR and TLR-like pathways are upstream
activators of NF-«B in cnidarians. First, homologs of TLR-to-NF-«B pathway signaling
are present in most cnidarians (6-8, 13, 18, 19, 29, 32, 34). Second, Hydra and N.
vectensis TLR-like proteins have a conserved ability to activate NF-xB when ectopically
expressed in human cells (31, 48). Third, as mentioned above, TLR and NF-kB proteins
are expressed in many of the same cnidocytes in adult N. vectensis (48). Fourth, treatment
of O. faveolata coral tissue with the mammalian TLR ligand LPS can induce NF-«xB
pathway gene expression (18). Indeed, TLR-to-NF-«xB signaling has been proposed to
play a role in embryonic development (42, 48), immunity (18, 31, 38, 48, 60), and
regeneration (61) in cnidarians. Nevertheless, TLR is not the sole receptor that can signal
to NF-kB in mammals that is also present in cnidarians. For example, cnidarians also
possess homologs to TNF receptors and their downstream components (29), which are
extensively characterized activators of NF-xB in vertebrates. However, the ability of
cnidarian TNF receptors to activate NF-kB in cnidarians has not been investigated.

The biological role of NF-kB in single-celled organisms remains unknown (Table
1). However, one may speculate that biological processes controlled by NF-«xB in protists
are quite different than in multicellular animals, given that protists have no innate or
adaptive immunity. Thus, if NF-xB plays a role in immunity in protists, it may do so in
an unexpected manner. Or, in the case of Capsaspora, which is a symbiont of the snail B.
galbrata, NF-xB may modulate either protist or host immunity to facilitate symbiosis,

similar to what has been proposed for Aiptasia-Symbiocinicae symbiosis. Alternatively,
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NF-«B could play a “developmental” role in the solitary vs. colony states seen in many
protists, including choanoflagellates. Finally, NF-kB may be involved in some protist-
specific process, for example, one species of choanoflagellate has been shown to be

induced to sexually reproduce upon stimulation with bacterial components (62).

CONCLUSIONS AND FUTURE PROSPECTS

Since its discovery, NF-«kB has been studied as a prominent player in many
biological processes in vertebrate and fly systems. Nonetheless, until a decade ago, NF-
kB was not known to be present in the genomes of organisms basal to insects. The
discovery of NF-kBs in single-celled protists has led to improved hypotheses for how this
transcription factor evolved (Fig. 3). That is, we propose that prior to the rise of holozoan
life, ANK repeats were present in bacteria and archaea genomes. Some ancestral
organism developed a primordial RHD-only protein that eventually fused to an ANK
repeat protein, resulting in the modern-day bipartite NF-kB protein. RHDs then
diversified in choanoflagellates, while metazoans retained the full-length NF-«xB fusion
protein and also developed separate NF-kB/Rel and IkB proteins, likely from gene
splitting and duplication events (Fig. 3).

Several studies have now demonstrated that the NF-«kB proteins of evolutionarily
basal organisms have many of the same structural features, activities, modes of
regulation, and biological effects that are found in the expanded set of NF-kB and Rel
proteins of more complex organisms. For example, ANK repeat regulation of the NF-«xB
RHD is even found in protists, and NF-kB is likely to have dual roles in development and

immunity in organisms from sponges to humans. Nevertheless, there are clear differences
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in basal NF-kBs. Particularly intriguing is the finding that NF-xB proteins appear to be
constitutively processed and active in some sponges and anemones, and that induced
activation of the NF-xB pathway may be at the transcriptional level in some of these
same basal organisms.

Studies on the evolution of NF-kB have only scratched the surface of what is yet
to be discovered. Future studies will likely seek to identify the most primitive biological
processes controlled by NF-kB in protists. Moreover, the identification of NF-«xB target
genes and the development of genetic systems to study gene function will certainly reveal
much about the function of NF-«B in cnidarians and sponges. In particular, the
identification of immune response gene targets of NF-kB in basal organisms may provide
insights into novel microbials, as well as reveal information about molecular processes
underlying global ecological crises of marine invertebrates, such as coral bleaching and
microbial pathogenesis. Looking backwards at the evolutionary history of NF-kB will no
doubt bring knowledge to our understanding of ancient immunity, especially in those
organisms that are environmentally sensitive and are situated at the base of multicellular

life.

Materials and Methods
Phylogenetic analysis.

The RHD sequences of NF-kB from cnidarians, poriferans, and choanoflagellate
organisms were compared phylogenetically to annotated vertebrate NF-xB and Rel
proteins and rooted with the predicted RHD of Capsaspora owczarzaki NF-xB. Details on

databases and sequence acquisition can be found in Table S2. Conserved motifs from
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MEME analysis were truncated based on motif predictions (Table S2), were aligned by
Clustal Omega (63) for Bayesian Analysis (Fig. 1). Other phylogenetic analyses showed

similar results (data not shown).
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Table 1. Functions of NF-kB in basal organisms.

Organism | Biological Function | Data Available References
protein,
transcriptomic,
Aiptasia Immunity mRNA, DNA binding | 22, 54, 55, 64

Immunity (?) and

protein,
transcriptomic,

N. vectensis Development mRNA, DNA-binding | 34, 36, 37, 42, 48, 52
transcriptomic,
Hydra Immunity protein 30, 31
Corals Immunity Transcriptomic 18, 38, 57-60
protein,
Immunity and transcriptomic,
Sponge Development mRNA, DNA-binding | 21, 27, 50, 51
Capsaspora ? genomic 11
Choanoflagellates ? transcriptomic 12
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Figure Legends

Figure 1. The structure of NF-kBs in organisms basal to Bilateria is most similar to
human NF-kB proteins rather than Rel proteins. The basic domain structures of
homologs to NF-xB in Capsaspora, choanoflagellates, poriferans (sponges), and
cnidarians compared to the fly and vertebrate NF-kBs (p100/p105, Relish), Rels (RelA,
RelB, c-Rel, Dif, Dorsal), and IxB (Cactus). Green, Rel Homology Domain (RHD); pink,
Nuclear Localization Signal (NLS); blue, Glycine Rich Region (GRR); black bars,
Ankryin repeats; red, Death Domain; SSS/SS, conserved serines important for
phosphorylation and degradation of the protein (red SSS indicate homology to p100); and

rainbow, N-terminal domains of choanoflagellates not typically seen in NF-kB proteins.

Figure 2. Phylogenetic analysis places Choanoflagellate NF-kBs as an outgroup of
vertebrate and fly NF-kBs. A Bayesian analysis of holozoan RHDs, including the
recently identified choanoflagellate NF-kBs. MEME analysis was performed on each
sequence to identify shared motifs. NF-xB proteins and Rel proteins cluster separately
from each other, and choanoflagellate NF-kBs cluster as a single outgroup. Conserved
motifs are highlighted, and two choanoflagellate specific sequences are shown in teal and

yellow.

Figure 3. The evolution of NF-kB. Prior to the rise of holozoan life, Ankyrin repeats
(ANK, red) were present in bacteria and archaea. The appearance of an RHD-containing
protein (green) likely led to RHD-only proteins that diversified in choanoflagellates and

to an RHD-ANK fusion in an ancestor of Capsaspora. Metazoans retained the full-length
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NF-«B fusion protein or in some cnidarians (e.g., Hydra and Nematostella) underwent

gene splitting events to create separate RHD and ANK repeat proteins.
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Fig. 2
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Fig. 3
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