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Abstract: Non-bilaterian animals consist of four phyla; Porifera, Cnidaria, Ctenophora, and Placozoa.
These early-diverging animals are crucial for understanding the evolution of the entire animal
lineage. The Rho family of proteins make up a major branch of the Ras superfamily of small
GTPases, which function as key molecular switches that play important roles in converting and
amplifying external signals into cellular responses. This review represents a compilation of the current
knowledge on Rho-family GTPases in non-bilaterian animals, the available experimental data about
their biochemical characteristics and functions, as well as original bioinformatics analysis, in order to
gain a general insight into the evolutionary history of Rho-family GTPases in simple animals.

Keywords: non-bilaterian animals; Rho GTPases; Cdc24; Rho; Rac; RhoBTB; Miro; Porifera;
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1. Introduction

The development of multicellular organisms depends on the ability of cells to detect and
respond adequately to external signals, expressed by other cells. The intercellular signaling in
embryonic development mediated by adhesion molecules, extracellular matrix, cytokines, morphogens,
growth factors, or hormones has been extensively studied. Cell signaling is initiated by binding
of ligands to their specific cell surface receptors, which are conversely converted into responses
leading to gene transcription, cell shape modeling, adhesion, motility, and endo/exocytosis [1].
Although eukaryotic cells probably use hundreds of GTPases to control different processes, the members
of the Ras superfamily have emerged as key players in the regulation of many important biological
processes including growth and differentiation, morphogenesis, cell division and motility, cytokinesis,
and trafficking through the Golgi, nucleus, and endosomes [2]. Small GTPases are low-molecular-weight
(Mr of 20-25 kDa) monomeric guanine nucleotide-binding proteins. They display a conserved structural
backbone of 5 G-boxes involved in GTP-binding and GTPase activity [3]. The Ras-related small GTPases
are divided into five subfamilies: Ras, Rho, Arf, Rab, and Ran. Ras family members are activated by
diverse extracellular stimuli that trigger a series of intracellular signaling events. This cascade of events
eventually controls gene transcription, which leads to activation of fundamental cellular processes,
including cell growth and differentiation. Ras proteins, the first small GTPases discovered [4], regulate
cell growth, proliferation, and differentiation [5,6]. Rho proteins (Rho, Rac, and Cdc42) control the
assembly and organization of the actin cytoskeleton, which vastly influences cell morphology [7],
while Rab and Arf represent key regulators of secretory and endocytic pathways during vesicle
trafficking and microtubule dynamics [8,9]. Ran is the last discovered GTPase and has a central role
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in the translocation of RNA and proteins through the nuclear pore complex [10]. Numerous studies
suggest a very complex functional diversity of the Ras protein superfamily. Their conserved G-domain
structural backbone involved in GTP-binding and GTPase activity enables common biochemical
properties, while each of them recognizes its individual binding partners [6,11]. The diversity of the
Ras superfamily is demonstrated by the multiplicity of their upstream regulators and downstream
target proteins to which the Ras-related small GTPases bind [12,13].

1.1. The Rho Family of Proteins—Rho GTPases

Rho GTPases are small G proteins found in all eukaryotes [14]. Rho family members are divided
into nine subfamilies (Rho, Rac, Cdc42, RhoDF, Rnd, RhoUV, RhoH, RhoBTB, and Miro) according
to their similar but not identical properties, such as primary amino acid sequence, structural motifs
and biological functions. Similar to other Ras-like GTPases, Rho GTPases are active when bound to
GTP and inactive when bound to GDP. Once activated, they bind effectors that mediate the cellular
response [3]. The Rho signaling module is a complex regulatory network that includes over 240 proteins
in human [15]. The Rho-family members are defined by the presence of a Rho-specific insert located
between the G4 and the G5 boxes, involved in binding to effectors and regulators [16-18]. Typical Rho
proteins are usually low-molecular-weight proteins and consist only of the GTPase domain (conserved
structural backbone of 5 G-boxes) and short N- and C-terminal extensions (Figure 1).
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Figure 1. Schematic representation of Rho GTPases. Colored boxes represent characteristic structures:
the Rho GTPase domain (light blue), CAAX box (black), BTB (broad complex/tramtrack/bric-a-brac)
domain I and II (violet), EFH (EF-hand calcium binding) domain 1 and 2 (green), and the second
GTPase domain in Miro (orange).

Within their GTPase domains, Rho family members show approximately 30% amino acid identity
with other Ras proteins and 40-95% identity within the Rho family [7]. The human genome encodes
22 Rho GTPases (Table 1) [19]. The majority of the functional information on the Rho family came
from studies of typical Rho GTPases: RhoA, Racl, and Cdc42 [7]. All three of them regulate actin
dynamics and cytoskeleton reorganization that effect cell shape and motility [20,21]. Members of the
Rho family power the reorganization of the actin cytoskeleton as a response to external stimuli, affecting
a broad array of cellular processes and characteristics such as adhesion, migration, proliferation, shape,
permeability, and polarity [15]. The members of the RhoBTB subfamily display additional atypical
features: they are much larger than the typical GTPases, and they have additional domains [22].
The RhoBTB has two so-called broad complex/tramtrack/bric-a-brac (BTB) domains found to mediate
homomeric or heteromeric protein—protein interactions (Figure 1). The RhoBTB functions as a tumor
suppressor [22]. The members of the Miro subfamily were, at first, grouped into the Rho family on the
basis of the similarity of their N-terminal GTPase domains (Figure 1) [23]. Later, they were found to be
closely related, but likely a distinct Ras-like family [14]. The Miro GTPases localize within mitochondria
and might promote apoptosis [23]. The presence of Rho family members in all eukaryotic supergroups
indicates that the genes encoding Rho GTPase were present in the last eukaryotic common ancestor
(around 1.4-1.8 billion years ago) [24,25]. Global evolutionary analyses of the Rho family indicate that
the phylogenetic relationships among Rho GTPases are not strongly supported [14,26]. Namely, the Rho
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GTPase subfamily is more closely related to Rac than to other Rho subfamilies. Unicellular eukaryotes,
fungi, and ancestral Metazoa contain only Rac, Cdc42, and RhoA GTPases (Table 1) [15]. The fact that
Rho genes are absent in sub-clades of Chlorophyta, Trypanosomatidae, Stramenopiles, and Alveolates
can be explained by multiple independent gene-loss events [27]. The Rho family expanded in Metazoa

(around 700 million years ago), probably as a result of duplication events and lateral gene transfers [15]
(Table 1 and Figure 2).
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Figure 2. Phylogenetic tree of Rho GTPases in Metazoa. The evolutionary history of Rho GTPases
from selected metazoan species (accession numbers are presented in Table S1.) was inferred using the
Maximum Likelihood (ML) method based on the JTT matrix-based model [28]. Evolutionary analyses
were conducted in MEGAY7 [29]. The topological stability of the maximum likelihood (ML) tree was
evaluated by 1000 bootstrapping replications. The bootstrapping values higher than 50 are indicated

by numbers at the nodes. Rho GTPases from Cnidaria are marked in green, Porifera in black, Placozoa
in blue, and Ctenophora in red.
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Table 1. Rho GTPases in Metazoa and close unicellular relative of Metazoa.

RHO GTPases
Taxonomic Groups Organism
Rho Rac Cdc42 Rnd RhoDF ~ RhoUV  RhoH RhoBTB Miro
HsRhoA
HsRhoB
HsRacl HsRnd1 .
. . HsRhoC Hsrhod HsRhol HsRhoBTB1 HsMirol
Mammalia Homo sapiens HsRhoG HsRac2 HsCdc42  HsRnd?2 HsRhoE  HsRhoV HsRhoH HsRhoBTB2 HsMiro2
HsRac3 HsRnd3
HsRho]
HsRhoQ
GgRhoA
GgRhoB
GgRacl GgRnd1 .
GgRhoC GgRhoD  GgRholU GgRhoBTB1 GgMirol
Aves G. galus GgRhoG GgRac2 GgCdc42  GgRnd2 GgRhoF  GgRhoV GgRhoH GgRhoBTB2 GgMiro2
GgRac3 GgRnd3
GgRho]
GgRhoQ
XtRhoA
XtRhoB XtRacl
o - XtRhoC XtRnd1 XtRhol XtRhoBTB1 XtMirol
Amphibia X. tropicallis XIRMoG XtRac2 XtCdc42 XtRnd3 XtRhoF XiRhoV XtRhoH XtRhoBTB2  XtMiro2
XtRac3
XtRhoJ
XtRhoQ
DrRhoA
DrRhoC DrRacl DrRnd1 .
o Chordata D. rerio DrRhoG DrRac2 DrCdc42 DrRnd2  DrRhoF g:ﬁzgg DrRhoH g:ﬁ:gg;:g; g:ﬁ;:g;
g DrRho] DrRac3 DrRnd3
= DrRhoQ
Fa BfRhol-1
BfRho1-2 BfRacl
. BfTc10/RhoQ BfRac2 . .
Cephalochordata B. floridae BfT10/RhoQ BfRac3 BfCdc42  BfRnd BfRif BfRhoU BfRhoBTB  BfMiro
BfRhoA BfRac4

BfRhoC

4 of 27
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Table 1. Cont.

RHO GTPases
Taxonomic Groups Organism
Rho Rac Cdc42 Rnd RhoDF  RhoUV  RhoH RhoBTB Miro
SpRhot SpRacl
RhoA-A SpRacB
Echinodermata S. purpuratus SpTE10/RMoQ SpRac2 SpCdc42 SpRholl SpRhoBTB  SpMiro
SpRhoASpRioC PR3
p P SpRac4
DmRacl )
Arthropoda D. melanogaster ~ DmRho DmCdc42 DmRhoBTB  DmMiro
DmRac2
CeRac .
Nematoda C. elegans CeRhol CeRac2 CeCdc42 (CZEAA;II;:(U);
CeCed10
CgRhol
. CgRho2 CgRacl .
Mollusca C. gigas CgRho] CgRac2 CgCdc42  CgRnd CgRhol CgRhoBTB  CgMiro
RhoQ
. NvRho )
L N. vectensis NoRacl NovCdc42  NvRnd3 NouRholU NvRhoBTB1 NuvMiro
Cnidaria NvRho2
HvRhol
H. vulgaris HuvRho2 HoRacl HvCdc42  HuRnd3 HvRhoBTB1 HvMiro
= HvuRho3
-
< Placozoa T. adherens TaRhoA TaRacl TaCdc42 TaMiro
E’:"‘ Ctenophora M. leidyi MIRho MICdc42
o
> SdRhol
Porif S. domuncula SdRhoA SdRac 5dCdc42
orifera SdRho3
. AqRho AqRacl
A. queenslandica AqRhoA AqRac? AqCdc42
Protista M. brevicoliis MbRho MbRac MbCdc42

5 of 27
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1.2. Non-Bilaterian Animals

The non-bilaterians include four animal phyla: Porifera (sponges), Cnidaria, Ctenophora (comb
jellies), and Placozoa. These lineages branched off at the base of the animal tree of life before the origin
of Bilateria and are thus referred to as early-branching animals (also known as non-bilaterian animals,
“basal metazoans”, or “simple (early)” animals). These four phyla are crucial for understanding the
evolution of animals. Fossil findings from Ediacaran assemblages (580 million years (Myr) old) suggest
that the first metazoan organisms were diploblastic, similar to modern sponges and cnidarians [30].
Cnidaria and Ctenophora are primarily radially symmetric (Radiata) [31], which distinguishes them
from other metazoans with two body axes (Bilateria). According to paleontological records from the
Burgess Shale assemblages, the bilaterian diversification occurred within a short period in the lower
Cambrium [32]. Deep metazoan phylogeny is difficult to resolve and many questions regarding the origin
and early evolution of animals remain unanswered [33]. Major characteristics of all four basal metazoan
groups are generally the lack of bilateral symmetry in their adult body plans and different developmental
programs compared to other animals. Most sponges are asymmetrical or, less often, radially symmetrical.
Cnidarians are radially symmetrical, while placozoans lack symmetry. Most ctenophoran species have
modified radial (biradial) symmetry [34,35]. On the contrary, almost all Bilateria are triploblastic and
bilaterally symmetrical. The status of Porifera (sponges) is unclear, since some authors claim that they have
no germ layers. Sponges have been described as organisms devoid of true epithelia, lacking the gastrulation
stage during development [36,37]. The other three non-bilaterian phyla are diploblasts, their adult tissues
are derivatives of two primary germ layers: the ectoderm and the endoderm (endomesoderm) [34]. To this
date, genomes of few non-bilaterian species have been published: sponge Amphimedon queenslandica [38],
ctenophore Mnemiopsis leidyi [39], placozoan Trichoplax adhaerens [40], and cnidarians Hydra vulgaris [41] and
Nematostella vectensis [42]. In addition, a few draft genomes are available: cnidarians Actinia tenebrosa [43],
Montipora capitata [44], Actinia equine [45], Exaiptasia pallida [46], Pocillopora damicornis [47], Alatina alata [48],
Stylophora pistillata [49], Acropora digitifera [50], Dendronephthya gigantea [51], Acropora millepora [52],
and ctenophore Pleurobrachia bachei [53].

1.2.1. Sponges

Sponges (phylum Porifera) are ancient animals, one of the earliest branching animal phylum that
changed little in the last 800 million years [54]. Therefore, they are a remarkable model for studying
the origin and the early evolution of Metazoa. Sessile as adults, sponges lack true tissues and organs
as well as any recognizable sensory or nervous structures. They also lack a clear anterior—posterior
(AP) polarity as adults, but the larvae do swim directionally. Their body plan is adapted for filtering
water to enable feeding and respiration [36]. The sponge body is made of three layers. Polygonal cells
called pinacocytes cover the outside of the sponge. The inside layer is built of choanocytes—cells with
a flagellum surrounded by a collar. The middle layer called mesohyl is a matrix of glycoproteins
with several types of motile cells and skeletal elements (calcareous or siliceous spicules and/or protein
spongin). Bigger and more complex sponges usually have additional structural features, such as
specialized choanocyte chambers and a network of water channels, but the basic body structure is
always conserved. Sponge bodies are covered by numerous small openings (pores) called ostia and
have at least one big opening—osculum. Due to the coordinated action of choanocytes, water carrying
food and oxygen enters the sponge body through ostia, moves through the channels and chambers,
and exits the sponge through the osculum. Besides producing the water current, the choanocytes
filter food particles, which are subsequently digested by the cells in the mesohyl. Currently, there are
more than 9000 valid sponge species inhabiting diverse marine and freshwater habitats [35]. There are
four classes of sponges: Demospongia, Hexactinellinda, Calcarea, and Homnoscleromorpha. In contrast
to their simple morphology, sponges have strikingly complex genomes and many of their genes are
highly similar to their vertebrate homologs [38]. Therefore, they provide the best possible insight
into the metazoan last common ancestors’ genome and proteome features [38,55,56]. The main
poriferan evolutionary developmental biology models are the demosponge A. queenslandica and the
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calcarean Sycon ciliatum in which several steps of development have been investigated and genomes
and transcriptomes sequenced [34]. Sponges represent an important model for studying ancestral
metazoan homologs and their features before the diversification and specialization of these genes in
higher animals. Sponges possess most of the genes present in animals with true tissues (Eumetazoa),
numerous genes involved in early development, and carcinogenesis, as well as totipotent cells.

1.2.2. Placozoans

Placozoans are a group with the simplest morphology among the metazoans. Their embryology
is still unknown. Their disc-shaped bodies, without a gastric cavity, consist of two epithelial layers
with a third layer of loosely arranged fiber cells between them. The lower of the two layers, which is in
contact with the substrate, has specialized ciliated and gland cells used for adherence and feeding and
enables the animal to move by crawling [40]. The placozoans possess baso-apical polarity, they have
no mesenchymal tissues and are composed of six somatic cell types. Placozoans are tiny animals,
usually less than two millimeters in diameter, without specialized muscle or nervous structures [35].
For a long time, only a single placozoan species was known—Trichoplax adherens, but lately, it has
been discovered that the phylum is much more diverse [57,58]. The Trichoplax genome is compact,
but with many genes involved in complex cellular processes found in “higher” animals. The genome
contains 11,514 protein-coding genes that are closely related to those of cnidarians [40]. Placozoans and
sponges are the only animals that do not possess true tissues and are thus sometimes grouped together
into Parazoa [35].

1.2.3. Cnidarians

Cnidarians are characterized by an archetypal gastrula-shaped body plan. They possess the basic
three-layered body structure consisting of an outside and an inside epithelium with a gelatinous mesoglea
in the middle. The cnidarian body reveals crucial evolutionary innovations: basement membrane,
muscle cells, simple nervous system, and sensory organs. Cnidarians possess cnidocytes—specialized
explosive cells with harpoon-like structures and toxic content designated to capture prey and/or as a defense
mechanism against predators. Cnidarians appear in two significantly different forms: a free-swimming
medusa (jellyfish), or a sessile polyp, attached to the substrate, sometimes connected with others,
forming a colony. Both forms display radial symmetry with tentacles surrounding the mouth [35].
There are over 11,000 described species of cnidarians divided into five classes: Hydrozoa, Scyphozoa,
Cubozoa, Staurozoa, and Anthozoa. [59]. Cnidarians are well-known for their ability to regenerate lost parts.
Hydra has been used for decades as a model organism for studying regeneration processes in metazoans.
Regeneration in these organisms occurs by a mechanism that does not require either proliferation or
growth (morphalaxis) [60,61]. The genomes of cnidarians such as the sea anemone N. vectensis [42] or
the freshwater polyp Hydra [41] reveal a repertoire of about 18,000 protein-coding genes, indicating the
genomic complexity of the common bilaterian—cnidarian ancestor [41,42].

1.2.4. Ctenophores

The ctenophores or comb jellies have a body structure identical to cnidarians—an outside and an
inside epithelium with mesoglea between them. However, there are several important differences.
Ctenophores do not have cnidocytes, and their epithelia have two cell layers. The multiciliated cells
typical for this group usually form eight rows (combs) along the body, making ctenophores the largest
organisms that swim by ciliary motion. Same as cnidarians, ctenophores have muscle cells and a simple
nervous system with sensory organs. Ctenophores and cnidarians, as well as all Bilateria, developed
tissues and, therefore, belong to the supergroup Eumetazoa. Ctenophoran species are divided into two
classes: Nuda and Tentaculata, which have long tentacles with sticky cells used to capture pray [35].
Evolutionary analyses show that many of the ctenophoran orders, families, and even genera are not
monophyletic [62]. Analyses of 185 RNA and ITS1 + 5.85 + ITS2 sequences of several species of this
phylum suggest that today’s ctenophores have passed through a relatively recent radiation followed
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by a bottleneck [62,63]. The main ctenophore models used in evolutionary developmental biology
(evo—devo) are the invasive species Mnemiopsis leidyi [39] and Pleurobrachia pileus [64].

1.3. Phylogenetic Relationship of Non-Bilaterian Animals

One of the most disputed issues concerning the phylogeny of animals is the phylogenetic
relationships among non-bilaterian phyla (Porifera, Cnidaria, Ctenophora, and Placozoa) and their
relationship with Bilateria [65,66]. Understanding the relationships among phyla and the true topology
of the metazoan tree of life is crucial for answering questions concerning the emergence of metazoan
characteristics and their evolution during the last 700 million years [66,67]. The traditional view is
that sponges are the earliest-branching lineage, while placozoans are a sister group of Eumetazoa
(Figure 3A) [68].

A) " B) 0 C) &
Bilateria Bilateria Bilateria
: — < —| A
_|: 7 |: Cnidaria ‘73\% Cnidaria =7

Cnidaria :

Placozoa Placozoa Placozoa %

Ctenophora % Porifera Ctenophora/'f

Porifera y. Ctenophora %4 | Porifera

Figure 3. Phylogenetic relationships among non-bilaterian phyla and their relationship with

Bilateria. (A) Porifera sister to all other metazoan; (B) Ctenophora sister to all other metazoan;
(C) Porifera + Ctenophora clade sister to all other Metazoa.

Phylogenomic studies based on the genomic sequences of the sponge A. queenslandica, the placozoan
T. adherens, and the cnidarian N. vectensis are in agreement with this traditional view [38,40,42].
Other studies placed ctenophores at the base of the animal tree of life (Figure 3B), which was, in turn,
challenged by other studies.The criticism was addressed towards the phylogenetic methods used,
which could have influenced the results [31,69]. Another study placed Porifera + Ctenophora as the
earliest-branching animals (Figure 3C) [39]. This finding could have a huge impact on our understanding
of early metazoan evolution. It would mean that the last common ancestor of Metazoa was quite
complex, while sponges became simpler as an adaptation to their highly specialized lifestyle as sessile
water filterers. Even though the relationship of the basal metazoans is still controversial, multiple lines
of evidence suggest that early animals possessed a poriferan-like body plan, and thus, extant sponges
may provide key knowledge on the origins of complex animal bodies [70]. Although sponges are
structurally simple organisms, their molecular machinery is similar to the ones in other more complex
animals. Furthermore, they possess genes that may be used in pathways for crucial physiological events,
such as growth, differentiation, cell specialization, adhesion, and sensory functions [36]. In order to
resolve relationships within basal metazoan phyla, we need to increase the phylogenomic sampling,
improve the phylogenomic tree construction methods, and connect molecular methods with classical
biology. The exponential increase in research publications in the field of evo—devo biology has put
non-bilaterian animals again in the spotlight of investigation. The use of simple models contributed
especially to the identification of pathways highly conserved in most eukaryotes. The molecular studies
of simple (early branching) animals provide important information about the origin of the main signal
pathways common to all animals. Herein, we review the current knowledge on Rho-family GTPases
in non-bilaterian animals, the available experimental data about their biochemical characteristics
and functions as well as original bioinformatics analysis, in order to gain a general insight into the
evolutionary history of Rho-family GTPases in simple animals.
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2. The Rho Family of Proteins, Rho GTPases, in Non-Bilaterian Animals

The repertoire of Rho genes/proteins remains quite similar in terms of number and complexity
from unicellular eukaryotes to non-bilaterian animals [14]. Rho families mainly arose through the
duplication of Rho or Rac genes. Rho family members are divided into nine subfamilies; Rho, Rac,
Cdc42, RhoDF, Rnd, RhoUV, RhoH, RhoBTB, and Miro. The evolutionary analysis of the Rho family
indicate that Rac protein is probably the founder of the Rho family [14]. The ancestral Rac duplications
in metazoans were associated with early specialization, leading to Cdc42 in charge of controlling cell
polarity and Rho responsible for cytokinesis [71,72]. Rho, Cdc42, and RhoBTB probably emerged from
Rac within the 100-200 million years (Myr) period [73]. Rho, Rac, Cdc42, and RhoBTB are present in all
bilaterians, with the exception of RhoBTB, which is absent in C. elegans and O. dioica [14]. This confirms
the well-documented roles of Rho, Rac, and Cdc42 in basic cellular metabolism and supports the
data implicating RhoBTB2 in the control of proliferation, apoptosis, and membrane trafficking [74,75].
The time of emergence of Rnd and RhoUYV is consistent with their roles in the acquisition of muscle
and nerve cells, while the Cdc42 isoforms, RhoJQ and RhoDF, probably emerged at the time of origin
of the vertebrate central nervous system [27]. A very important common characteristic of the entire
Rho family is its high evolutionary dynamics, visible through the high incidence of gain and loss of its
members in different animal lineages [14].

In this study, we systematically identified and characterized Rho family members from basal
Metazoa (Table 2).

Table 2. Rho GTPases from basal Metazoa: comparison with most related human proteins.

Basal Metazoa Homeo Sapiens
Taxonomic Group Organism Name No. aa Name No. aa ident% simil%
NvRho 192 RhoA 193 89.1 94.3
NvRho2 214 RhoA 193 43 60.7
NvRacl 194 Racl 192 89.2 93.3
Cnidaria N. vectensis NvCdc42 191 Cdc42 191 91 95.3
NvRhoBTB 660 BTB1 696 37.7 54
NvMiro 662 Mirol 618 53.7 70.1
NvRhoU 211 RhoV 236 54 59
NvRnd3 163 Rnd3 244 35 50
HvRhol 192 RhoA 193 88.1 94.3
HvRho2 192 RhoA 193 87.6 92.2
HvRho3 211 RhoA 193 54.5 71.1
H. vulgaris HvRacl 192 Racl 192 89.1 92.2
HvuRnd3 194 Rnd3 244 28 46
HvCdc42 191 Cdc42 191 89.5 94.8
HvRhoBTB 679 BTB1 696 33.8 51.7
HvMiro 622 Mirol 618 45.6 65.8
TaRhoA 193 RhoA 193 88.1 93.8
Placozoa T adherens TaRacl 197 Racl 192 79.7 87.3
TaCdc42 187 Cdc42 191 86.4 92.7
TaMiro 586 Mirol 618 50.2 66
L MIRho 192 RhoA 193 86.5 91.2
Ctenophora M. leidyi MICdc42 192 Cdc42 191 8.5 943
SdRhol 192 RhoA 193 86 91.7
SdRhoA 192 RhoB 196 714 83.7
Porifera S. domuncula SdRho3 195 RhoA 193 68.2 79
SdRac 192 Racl 192 70.3 83.3
SdCdc42 191 Cdc42 191 89.5 94.8
AqgRho 192 RhoA 193 85 90.7
AgRhoA 193 RhoA 193 349 53.9
A. queenslandica  AqRacl 192 Racl 192 88.5 94.3
AgRac2 201 Racl 192 68.7 81.6

AqCdc42 191 Cdc42 191 90.6 94.8
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We searched the whole-genome sequences of basal Metazoa at the National Center for
Biotechnology Information database (NCBI) using blastp algorithm (https://blast.ncbi.nlm.nih.gov/Blast.
cgi) to identify Rho GTPase homologs in Porifera, Cnidaria, Ctenophora, and Placozoa, with bilaterian
Rho protein sequences from NCBI as queries (Table 1 and Table S1). We aligned Rho family
members from basal Metazoa and representatives of different bilaterian lineages using ClustalX [76].
Amino acid identity and similarity percentages matrices of metazoan Rho proteins were generated
using MatGAT2.01 with BLOSUMSG62 scores [77]. The summarized identities of metazoan Rho proteins
are illustrated using a heat map generated by Morpheus (https://software.broadinstitute.org/morpheus)
(Figure 4).

v

EEEEEEENE

N EmEEEE

EpaRnov

I HsaRhoH
u| GagRhoH
BRmE Cronon

Figure 4. The summarized amino acid similarity of metazoan Rho proteins (MatGAT2.01 (Scoring
Matrix BLOSUMSG62)) is presented using a heat map (red color indicates a high and blue a low percentage
of sequence identity/similarity) generated by Morpheus (https://software.broadinstitute.org/morpheus).
The detailed accession numbers of the protein sequences are shown in Table S1.

Conserved domains and motifs were identified by simple modular architecture research tool
prediction (SMART; http://smart.embl-heidelberg.de/) and further confirmed through sequence
alignment (ClustalX) with Rho proteins generated by ESPript (http://espript.ibcp.fr/ESPript/ESPript/)
(Figures 5-10). We used human Rho proteins with a completely resolved protein architecture as
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reference sequences. In order to determine the phylogenetic relationships of the Rho homologs in the
basal Metazoa and known Rho proteins from Mammalia, Aves, Amphibia, Chordata, Cephalochordata,
Echinodermata, Arthropoda, Nematoda, and Mollusca, we constructed a phylogenetic tree using the
maximum likelihood algorithm in the MEGA 7 (Figure 2) [29]. Our phylogenetic analysis confirmed
that the Rho family of small GTPases can be divided into nine major subfamilies: Rho, Rac, Cdc42,
Rnd, RhoDF, RhoUV, RhoH, RhoBTB, and Miro. The members of these subfamilies in basal Metazoa
were categorized according to their phylogenetic clustering (Figure 2.).
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Figure 5. Sequence alignment of the Rho subfamily. The amino acid sequences of Rho GTPases were
aligned using ClustalX, the secondary structures predicted using ESPript. Regions of the Rho proteins
are indicated above the alignment; blue are the G domains, (G1, G2, G3, G4, and G5 with their respected
motifs), purple are switch 1 and switch 2 domains, red is the Rho insert, green is the polybasic region,
and black is the CAAX box. Blue frames are indicators of the conserved residues; white letters in red
boxes represent strict identity, red letters in white boxes represent similarity.
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Figure 6. Sequence alignment of the Cdc42 subfamily. The amino acid sequences of Cdc42 GTPases
were aligned using ClustalX, the secondary structures predicted using ESPript. Regions of the Cdc42
proteins are indicated above the alignment; blue are the G domains, (G1, G2, G3, G4, and G5 with
their respected motifs), purple are switch 1 and switch 2 domains, red is the Rho insert, green is the
polybasic region, and black is the CAAX box. Blue frames are indicators of the conserved residues;
white letters in red boxes represent identity, red letters in white boxes represent similarity.
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Figure 7. Sequence alignment of the Rac subfamily. The amino acid sequences of Rac GTPases were
aligned using ClustalX, the secondary structures predicted using ESPript. Regions of the Rac proteins
are indicated above the alignment; blue are the G domains, (G1, G2, G3, G4, and G5 with their respected
motifs), purple are switch 1 and switch 2 domains, red is the Rho insert, green is the polybasic region,
and black is the CAAX box. Blue frames are indicators of the conserved residues; white letters in red
boxes represent identity, red letters in white boxes represent similarity.
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Figure 8. Sequence alignment of the Rnd subfamily. The amino acid sequences of Rnd GTPases were
aligned using ClustalX, the secondary structures predicted using ESPript. Regions of the Rnd proteins
are indicated above the alignment; blue are the G domains, (G1, G2, G3, G4, and G5 with their respected
motifs), purple are switch 1 and switch 2 domains, red is the Rho insert, green is the core effector
domain, and black is the CAAX box. Blue frames are indicators of the conserved residues; white letters
in red boxes represent identity, and red letters in white boxes represent similarity.
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Figure 9. Sequence alignment of the RhoUV subfamily. The amino acid sequences of RhoUV GTPases
were aligned using ClustalX, the secondary structures predicted using ESPript. Regions of the RhoUV
proteins are indicated above the alignment; blue are the G domains, (G1, G2, G3, G4, and G5 with their
respected motifs), purple are switch 1 and switch 2 domains, red is the Rho insert, green is the core
effector domain, and black is the CAAX box. Blue frames are indicators of the conserved residues;
white letters in red boxes represent identity, and red letters in white boxes represent similarity.
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Figure 10. Sequence alignment of the RhoBTB subfamily. The amino acid sequences of RhoBTB
GTPases were aligned using ClustalX, the secondary structures predicted using ESPript. Regions of the
Rho proteins are indicated above the alignment; blue are the G domains, (G1, G2, G3, G4, and G5 with
their respected motifs), purple are switch 1 and switch 2 domains, orange the first BTB domain, gray the
second BTB domain, and red represents the C-terminus back domain. Blue frames are indicators
of the conserved residues; white letters in red boxes represent identity, red letters in white boxes
represent similarity.

2.1. Rho

Cetkovi¢ and coworkers [2] inspected 13,000 partial cDNA sequences (ESTs) from the marine
sponge Suberites domuncula and identified cDNA sequences coding for three homologs in Metazoa,
named SdRhol, SdRho2 (SdRhoA), SdRho3. All three proteins from S. domuncula have the Rho GTPase
domain characteristic for Rho subfamily members and are responsible for nucleotide binding and
hydrolysis (G1-5 boxes) and two regions that specifically bind regulators or effectors—the switch 1
and 2 regions. In addition, all of them have the Rho insert, the C-terminal CXXX motif (C: cysteine,
A: aliphatic, X: any amino acid), which undergoes post-translational lipid modifications responsible
for membrane targeting, and a polybasic region adjacent to the CAAX motif which contributes to
association to membranes, interaction with regulators, and subcellular localization (Figure 5) [2].

Boureux and coworkers [14] analyzed a draft genome of the sponge A. queenslandica (Reniera sp.
JGI-2005) and identified one Rho protein, while Fort states [27] that the genome of this sponge has
three Rho s.s. GTPases (stricto sensu, i.e., the ancestor to human RhoA-C). We have identified two Rho
proteins (AqRho and AqRhoA) in the genome of A. queenslandica. This is probably due to incomplete
and/or low-quality genome assembly and gene annotation. HvRhol, HvRho2, and HvRho3 Rho
GTPases are present in the cnidarian H. vulgaris, while NvRho and NvRho2 are present in N. vectensis
(Table 1 and Figure 2) [14,78]. A varying number of paralogs in cnidarians is probably a consequence
of lineage-specific duplications. We have identified a single Rho protein (TaRho) in the genome of the
placozoan T. adherens and in the genome of the ctenophore M. leidyi (MIRho) (Table 1 and Figure 2).

We aligned Rho homologs from basal Metazoa and representatives of different bilaterian lineages
(Figure 5), and analyzed protein sequence identity/similarity (Figure 4). The Rho domain (G1, G2 switch 1,
G3 switch 2, G4, and G5), the Rho insert (10-15 residue) important for the regulation of Rho GTPases
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activity, the polybasic site and CAAX box are present in all basal metazoan homologs of the human Rho
subfamily proteins. HsaRhoC does not possess the CAAX box, while in CgiRho] and CgiRho, the cysteine
is substituted with valine in the CAAX box (Figure 5). Rho subfamily homologs from basal Metazoa show
50.5-94.3% sequence similarity with the human Rho GTPases. The highest homology (identity/similarity)
with the human RhoA protein is as follows: NveRho homolog from the cnidarian N. vectensis 89%/94%,
TadRhoA homolog from the placozoan T. adherens 88%/93%, HvuRhol homolog from the cnidarian
H. vulgaris 88%/94%, AquRho from the sponge A. queenslandica 85%/90%, and SdoRho1 from the sponge
S. domuncula 86%/91% (Table 2).

2.2. Cdc42

A single Cdc42 gene was found in the genome of the sponge A. queenslandica [14,27]. Analysis of
the cDNA sequences (ESTs) from the marine sponge Suberites domuncula identified only one Cdc42
protein, named SdCdc42 [2]. In addition, a single Cdc42 Rho GTPase is present in the cnidarians
H. vulagaris (HvCdc42) and N. vectensis (NvCdc42) (Table 1 and Figure 2) [78]. We identified only one
Cdc42 protein (TaCdc42) in the genome of the placozoan T. adherens as well as a single Cdc42 homolog
(MICdc42) in the genome of the ctenophore M. leidyi (Table 1 and Figure 2). We aligned Cdc42 homologs
from basal Metazoa and representatives of different bilaterian lineages (Figure 6) and analyzed the
protein sequence identity/similarity (Figure 4).

As shown in Figure 6, all the protein domains (G1, G2 switch 1, G3 switch 2, G4, and G5), the Rho
insert, the polybasic site, and CAAX box are present in basal metazoan homologs of the human Cdc42
protein. Homologs of the Cdc42 subfamily from basal Metazoa display very high homology (92-95%
similarity) with the human Cdc42. The highest homology with the human Cdc42 protein display
the NveCdc42 homolog from the cnidarian N. vectensis (identity/similarity; 91%/95%) and AqCdc42
homolog from the sponge A. queenslandica (identity/similarity; 90%/95%). The TadCdc42 homolog from
Placozoa T. adherens shows 86%/92% and SdoCdc42 from S. domuncula 89%/94% identity/similarity
(Table 2).

2.3. Rac

Boureux and coworkers [14] analyzed the draft genome of the sponge A. queenslandica (Reniera
sp. JGI-2005) and identified five Rac proteins (RRac1-RRac5), while Fort states [27] that the sponge
genome possesses only one Rac gene/protein. We identified two Rac proteins (AqRacl and AqRac2)
in the genome of A. queenslandica, while a single Rac protein, SdRac, was identified in the marine
sponge Suberites domuncula EST database (Table 1 and Figure 2) [2]. The same has been suggested for
cnidarians [27] although the genome of H. vulgaris has two Rac genes (HvRacl and HvRac2) while
N. vectensis has only one (NvRac) [78]. A varying number of Rac paralogs in sponges and cnidarians is
probably a consequence of lineage-specific duplications. We identified only one Rac gene (HvRacl) in
the genome of H. vulgaris. We have also identified one Rac gene (TaRac) in the genome of the placozoan
T. adherens, while the genome of the ctenophoran M. leidyi seems to lack Rac subfamily Rho GTPase
members (Table 1 and Figure 2). We aligned Rac homologs from basal Metazoa and representatives of
different bilaterian lineages (Figure 7) and analyzed the protein sequence identity/similarity (Figure 4).

As shown in Figure 7, all the Rac protein domains (G1, G2 switch 1, G3 switch 2, G4, and G5),
the Rho insert, the polybasic site, and CAAX box are present in basal metazoan homologs of the human
Rac proteins. Rac subfamily homologs from basal Metazoa display high homology (80-94% similarity)
with human Rac proteins. The highest homology (identity/similarity) with the human Rac proteins are
as follows: TadRac homolog from Placozoa T. adherens 80%/87%, HvuRacl homolog from the cnidarian
H. vulgaris 89%/92%, AquRacl homolog from Porifera A. queenslandica 88%/94%, and SdoRac homolog
from Porifera S. domuncula 70%/83% with the human HsaRac1 protein. NveRacl homolog from the
cnidarian N. vectensis shows the highest identity/similarity (89%/93%) with the human HsaRac2 protein
(Table 2).
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2.4. Rnd

The Rnd gene/protein most likely emerged before the divergence of Cnidaria [27]. Rnd genes have
been identified in several genomes of Anthozoa (the sea anemones N. vectensis, Acropora digitifera,
and Exaiptasia pallida) and Hydrozoa (H. vulgaris). Furthermore, the cnidarian Rnd protein has
substitutions in its G3 box and is, therefore, atypical compared to other Rnd subfamily protein members.
Consequently, the cnidarians Rnd is devoid of GTPase activity and remains active until it is degraded [27].
Cnidarians possess a neural net [34]. Rnd3 deficiency causes neuromuscular defects with a reduced
number of motor neurons in mice [79]. Therefore, it is possible that Rnd has a vital function in the
development of the neuronal network. Cnidaria could serve as a useful model for addressing the potential
ancestral Rnd function in connection to the development and evolution of the nervous system. The timing
of emergence of Rnd is consistent with its assigned role in the origin of nerve cells [27]. Several other
publications report that Rnd appears exclusively in chordates [14]. We confirm the presence of Rnd
subfamily homologs only in genomes of cnidarians H. vulgaris, N. vectensis (Table 1 and Figure 2), and the
draft genome of Actinia tenebrosa (Figures 4 and 8).

We aligned Rnd homologs from cnidarians and representatives of different bilaterian lineages
(Figure 8) and analyzed the protein sequences’ identity/similarity (Table 2 and Figure 4). As shown
in Figure 8, the members of the Rnd subfamily contain Rho the GTPase domain (G1, G2 switch 1,
G3 switch 2, G4, and G5), the Rho insert and the CAAX box. The G4 domain contains a C instead of
N/T in all Rnd proteins. The G5 domain is not conserved in many Rnd proteins. The G5 domain of the
CgiRnd3 homolog from C. gigas contains an I instead of (T/G/C). The NveRnd3 homolog from N. vectensis
contains a YYT motif instead of (T/G/C)(C/S)A in the G5 domain and an incomplete C-terminus. The G5
domain of the HsaRnd2 (H. sapiens), GgaRnd2 (G. gallus), DreRnd2 (D. rerio), CgiRnd3 (C. gigas),
HvuRnd3 (H. vulgaris), and AteRnd3 (A. tenebrosa) contains a Serine instead of Alanine (Figure 8).
The NveRnd homolog from the cnidarian N. vectensis shows 35%/50% identity/similarity and HvuRnd3
homolog from H. vulgaris 28%/46% with the human HsaRnd3. The AteRnd3 homolog from A. tenebrosa
shows 42%/64% identity/similarity with the human HsaRnd2 protein (Table 2).

2.5. RhollV

The RhoUV gene/protein most likely emerged before the divergence of Cnidaria [27]. RhoUV genes
have been identified in genomes of the cnidarian N. vectensis and E. pallida [24]. Furthermore, the cnidarian
RhoUYV protein has substitutions in the G3 box and, therefore, lacks the GTPase activity [27]. Cnidarians,
unlike Porifera, have smooth and striated muscles. In vertebrates, the RhoU protein is involved in
the development and function of the heart [80,81]. Therefore, the cnidarian RhoUV proteins could
be a good model for investigating the functions of the ancestral RhoUV GTPases related to muscle
biology. The time of origin of the RhoUYV is consistent with its role in the acquisition of muscle cells [27].
Some other publications report that members of the RhoUV subfamily cannot be detected in genomes of
cnidarians [14,78]. We confirm the presence of RhoUV subfamily homologs only in genomes of cnidarians
N. vectensis (Table 1 and Figure 2) and E. pallida (Figures 4 and 9).

We aligned RhoUV homologs from cnidarians and representatives of different bilaterian lineages
(Figure 9) and analyzed protein sequence identity/similarity (Figure 4). As shown in Figure 9,
the members of the RhoUV subfamily contain the Rho GTPase domain (G1, G2 switch 1, G3 switch 2,
G4, and G5), the Rho insert, and CAAX box (Figure 9). The G4 domain of NvRhoUV from the cnidarian
N. vectensis and EpaRhoV from the cnidarian E. pallida contains the H amino acid instead of (K/Q)
(Figure 9). The EpaRhoV homolog from E. pallida contains an amino acids motif VXXXXVKI instead of
GXXXXGK(S/T) in the G1 domain, and an XRX motif instead of XTX in the G2 domain. The BfIRhoU
homolog (B. floridae) has amino acid C instead of N/T in the G4 domain. The NveRhoU homolog from
the cnidarian N. vectensis shows 45%/59% identity/similarity with human HsaRhoV, while the EpaRhoV
homolog from E. pallida shows 30%/44% identity/similarity with the human HsaRhoU (Table 2).
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2.6. RhoBTB

RhoBTB proteins are atypical Rho GTPases [7]. These GTPases are structurally different from other
Rho-family members and possess considerable additional sequences after the Rho GTPase domain.
In the G4 domain, the C amino acid is present instead of N/T, while in the G5 domain, the (T/G/C)(C/S)A
motif is replaced with S(V/I/S)(F/V/Y/L) (Figures 1 and 7). The additional C-terminal sequences include
a tandem repeat of BTB domains and lack C-terminal CAAX prenylation signals [7]. According to
previous studies, cnidarians either have two RhoBTB proteins [27] or, in case of H. magnipapillata
(HmRhoBTB) and N. vectensis (NVRhoBTB), only one RhoBTB gene per genome [14,78]. We have also
identified only one RhoBTB homolog in genomes of cnidarians H. vulgaris (HvRhoBTB) and N. vectensis
(NVRhoBTB). Members of the RhoBTB subfamily of Rho GTPases were not found in genomes of sponges,
placozoans, and ctenophores. We aligned RhoBTB homologs from cnidarians and representatives of
different bilaterian lineages (Figure 10) and analyzed protein sequence identity/similarity (Figure 4).

The NvRhoBTB homolog from N. vectensis shows 37/54% identity/similarity, while the HvRhoBTB1
homolog from H. vulgaris 33%/51% identity/similarity with human RhoBTB proteins (Table 2).

2.7. Miro

The Miro (mitochondrial Rho) GTPases are sometimes placed in the Rho family. However, this seems
to be a separate, structurally unique, functionally specialized family of GTPases that most likely already
existed in the last common eukaryotic ancestor [23,82]. The members of the Miro subfamily contain
two putative GTPase domains and two EF-hand motifs but lack the Rho-specific insert sequence
(Figures 1 and 8). The N-terminus G3 domain and the C-terminus G-domains are not conserved.
The C-terminus Rho-GTPase domain of Miro GTPases was previously considered to be a “relic”, but some
studies observed its activity [83]. The first G3 domain contains the GXXE/A/I/S/E/Y motif instead of the
DXXG, whereas only the XtrMiro2 possesses the DXXG motif. The second G1 domain of TadMiro from
the placozoan T. adherens contains a Valine (V) instead of S/T. The second G2 domain is present only in the
human HsaMiro2. The second G3 and G5 domains are not conserved (Figure 11). Cnidarians H. vulgaris
(HvMiro) and N. vectensis (NvMiro) contain a single Miro subfamily member (Table 1 and Figure 2) [78].
Our searches did not find members of the Miro subfamily of Rho GTPases in sponge and ctenophore
genomes. We aligned Miro homologs from basal Metazoa and representatives of different bilaterian
lineages (Figure 11) and analyzed protein sequence identity/similarity (Figure 4). The NveMiro homolog
from the cnidarian N. vectensis shows 53/70% identity/similarity, while the HvuMiro homolog from
H. vulgaris shows 45%/65% identity/similarity with the human HsaMirol protein. The TadMiro from
Placozoa T. adherens shows 50%/66% identity/similarity with the human HsaMirol protein (Table 2).
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Figure 11. Sequence alignment of the Miro subfamily. The amino acid sequences of Miro GTPases
were aligned using ClustalX, the secondary structures predicted using ESPript. Regions of the Miro
proteins are indicated above the alignment; blue are the G domains (G1, G2, G3, G4, and G5) domains;
purple represent the switch domains (I and II) and black the EF hand calcium binding domains with
their respected motifs. Blue frames are indicators of the conserved residues; white letters in red boxes
represent identity, red letters in white boxes represent similarity.
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3. Rho GTPases in Non-Bilaterian Animals Participate in a Plethora of Signaling Pathways

3.1. Wnt Pathway

Rho GTPases function as molecular switches in a vast number of signaling pathways. Some of
those pathways can be found, usually in a simpler version, in basal metazoans as well. One of the
most investigated is the Wnt pathway. The Wnt family comprises of secreted glycosylated proteins
that influence cell growth, differentiation, and migration [84,85]. Wnt proteins act by binding to
Frizzled (Fzd) receptors and thus activate two different signal transduction cascades: the canonical
and the non-canonical (Figure 12). The canonical pathway includes the accumulation of 3-catenin
in the cytoplasm and its translocation into the nucleus, where is acts as a coactivator of transcription
factors that belong to the Tcf/LEF (transcription factor/lymphoid enhancer-binding factor) family.
The Rho GTPases take part in the non-canonical cascades, which lead to the rearrangement of the cell
cytoskeleton causing changes in cell adhesion and migration properties (Figure 12) [86-88].

Wnt Wnt

L
e Fad —
‘/_, b \\\
Dvl \
AXIN Dvl \‘
GSK3 r §l
S (Ract | [RAGA) (cdca2
Bcatenin / I J
/! INK
degradation - -
o T
' nucleus |
c-jun LomrafT) v
Dvl cell-cell junctions
B cytoskeleton
catenin rearangement
Tef Wnt target genes proliferation J
\ # differentiation /
N\ / cell cycle regulation J

~ plasma membrane

Canonical Wnt pathway Non-canonical Wnt pathways

Figure 12. A simplified representation of the canonical and non-canonical Wnt signaling pathway.
Small Rho GTPases are involved only in the non-canonical Wnt pathways. Wnt-Wnt family member;
Fzd—TFizzled class receptor; Dvl—disheveled segment polarity protein; Racl—Rac family small
GTPase 1; Rho A—Ras homolog family member A; cdc42—cell division cycle 42; JNK—c-Jun
N-terminal kinase; ROCK—Rho-associated coiled-coil containing protein kinase; PKC—protein kinase
C; c-jun—Jun proto-oncogene; GSK3—glycogen synthase kinase 3; LRP—low-density-lipoprotein
(LDL) receptor-related protein; Tef—transcription factor.

The non-canonical pathways include the planar cell polarity (PCP) pathway responsible for
cell shape and the Wnt/calcium pathway, which controls the calcium in the cell. Neither of them
include -catenin. Contrary to the non-canonical Wnt pathways, the canonical Wnt signaling also
requires single-span transmembrane proteins that belong to a subfamily of low-density-lipoprotein
(LDL) receptor related proteins (LRPs): Lrp5 and Lrp6 in vertebrates, and their Drosophila ortholog
(Arrow) [89]. The Wnt signaling pathway is an innovation of first multicellular animals (Metazoa),
because a complete Wnt signaling pathway cannot be found in any of the single-cell organisms (protists).
A core set of Wnt genes (a basal set of Wnt ligands, receptors, and cytoplasmic transducers) was already
present in Porifera, Placozoa, and Ctenophora, while a complete functional repertoire of Wnt ligands is
present only in Cnidaria. Their Wnt gene repertoire is simple compared to other metazoans. All existing
Wnt genes are actively involved in gastrulation, pattern formation, and regeneration in non-bilaterian
animals, providing a basic panel of tools for understanding the interchange of the canonical and two
noncanonical pathways—the planar cell polarity (PCP) and the Wnt/calcium pathway [90].
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The genomes of cnidarians the sea anemone N. vectensis (Putnam et al., 2007) and the freshwater
polyp H. vulgaris [41] possess all bilaterian Wnt gene subfamilies, but some of the members within
subfamilies are missing [90,91]. For instance, Wnt-9 cannot be found in N. vectensis [92,93], whereas
H. vulgaris lacks Wnt4, -6, and -A. The cnidarians possessing the complete repertoire of Wnt gene
subfamilies suggests that the common (eumetazoan) ancestor of cnidarians and bilaterians already
possessed a full-scale repertoire of Wnt gene ligands [92]. Cnidarian Wnts act in the canonical and in
the planar cell polarity (PCP) pathways. Homologs of the PCP signaling pathway, including RhoA,
ROCK-2, and Racl, are present in cnidarians [90,93,94].

Adell and coworkers [95] described a Wnt-related gene, Sd-Frizzled, from Porifera. They also
reported the isolation and phylogenetic characterization of several Wnt pathway-related genes
from the demosponge S. domuncula [96]. Furthermore, they have found sponge homologs of small
Rho GTPases, RhoA (SdRhoA) and Cdc42 (SdCdc42), and their effector, myosin regulatory light
chain (Sdmrlc). The isolation of a secreted frizzled related protein sFRP from another sponge
species (Lubomirskia baicalensis) is reported [96]. The first genome analysis of the demosponge
A. queenslandica [38] and the analysis of S. domuncula ESTs [56] enlightened the origin and evolution of
the Wnt signaling pathway [97,98]. The sponge genome shows substantial conservation of gene families
with cnidarians and bilaterian animals [40]. The main components of the canonical Wnt/3-catenin
pathway are present, but those of the noncanonical pathways are missing [97,98]. A. queenslandica
contains three, while the homoscleromorph sponge Oscarella has two Wnt genes, which are difficult
to classify [38,98]. The growing accumulation of genomic and transcriptomic databases of early
branched phyla has significantly increased our knowledge of the ancestral metazoan molecular toolkit.
However, their involvement and function in specific molecular pathways remain to be elucidated,
especially in Porifera. Adell et al. [96] analyzed the expression levels of small GTPases, Sd-RhoA
and Sd-Cdc42, and the effector, Sdmrlc, involved in the non-canonical Wnt signaling in sponge cell
cultures (sponge tissue, dissociated cells, adherent cells, and primmorphs (sponge cell aggregates)).
All three genes were overexpressed in cultured cells compared to sponge tissue and adherent aggregates
(primmorphs). These results suggest that the Wnt signaling in the sponge could be involved in the
establishment of cell—cell contacts, and it is probably important for the regulation of cell-cell and
cell-matrix interactions [96]. The placozoan T. adhaerens has three unclassified Wnt genes and the main
components of the canonical Wnt signaling (Dvl (disheveled), Fzd, GS5K3 (GSK3—glycogen synthase
kinase 3), AXIN, 3-catenin), but no Wnt antagonists [40]. In the ctenophore M. leidyi, orthologs of the
key components of Wnt signaling have also been described [99].

3.2. Rho/Rock Pathway

The Rho associated coiled-coil protein kinase (ROCK) plays several important roles in development
across bilaterian animal species. The Rho/ROCK signaling pathway affects cytoskeletal dynamics thus
affecting cell shape, cell adhesion, and migration (Figure 13).

It is also involved in non-canonical Wnt signaling in bilateral animals. Consequently, the Rho/ROCK
pathway is required for the induction of epithelial morphogenesis and establishing specific body
plans in bilaterians. This highly conserved signaling pathway is thus the key for understanding
molecular mechanisms that are probably involved in controlling early development of early-branching
metazoans [100,101]. Schenkelaars and coworkers [102] found that sponges possess crucial proteins of the
Rho/ROCK pathway, implying that these proteins were present in the last common ancestor of Metazoa.
The structural domain analyses of the sponge homologs suggest that protein interactions described
in bilaterians have likely already been present in sponges and conserved to vertebrates. Furthermore,
the same author found that the sponge Em-ROCK kinase domain shows Rho kinase activity in vitro
and that commercially available ROCK inhibitors target the sponge Em-ROCK protein. This finding
supports the hypothesis that the Rho/ROCK pathway is an evolutionarily conserved module in animals.
In vivo assays using ROCK inhibitors applied during early development of freshwater sponges provide
solid evidence that ROCK is important for inducing the processes of morphogenesis and setting up the
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body plan [102]. Recently published data [103] suggest an essential role of FGFR (fibroblast growth
factor receptor) and Rho-ROCK-myosin II pathways in the control of cell shape changes required for bud
detachment in hydra. Using gene expression analysis and pharmacological inhibition, authors recognized
a candidate signaling pathway through Rho, ROCK, and myosin II, which controls rearrangement of
the actin cytoskeleton and bud base constriction. Inhibition of FGFR, Rho, ROCK, or myosin II kinase
activity is permissive for budding but represses myosin phosphorylation, rearrangement of F-actin,
and constriction. The young polyp remains permanently connected to the parent by a broad tissue
bridge [103].
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Figure 13. Simplified representation of the Rho/ROCK signaling pathway. GEF—guanine nucleotide
exchange factor; GAP—GTPase activating protein; Rho—Ras homolog family member (activated
if linked to GTP); ROCK—Rho-associated coiled-coil containing protein kinase; CPI-17—protein
phosphatase 1 regulatory inhibitor subunit 14A; MYPT1—myosin phosphatase target subunit 1;
MLC—myosin light-chain kinase; LIMK—LIM domain kinase; ERM—acronym from ezrin, radixin,
moesin proteins; FHOD1—formin homology 2 domain containing 1, PTEN—phosphatase and
tensin homolog.

3.3. RhoGEFs and RhoGAPs

Rho proteins typically cycle between an inactive GDP-bound form and an active GTP-bound
form. Rho GTPases are controlled by more than a hundred guanine nucleotide exchange factors
(RhoGEFs) and GTPase-activating proteins (RhoGAPs). Their activity cycle is initiated by RhoGEFs and
terminated by RhoGAPs. A vast number of regulatory proteins, RhoGEFs and RhoGAPs, significantly
outnumber the 10 Rho family GTPase switch proteins they regulate, therefore enabling the precise
control of Rho signaling specificity [104]. However, it should be noted that some Rho family GTPases
do not behave like conventional Rho proteins in respect to their activation, e.g., Rnd. Rnds do not
catalyze GTP hydrolysis and, therefore, do not require GEFs for activation [105].

More than 70 different RhoGAPs have been characterized in eukaryotes. The human genome encodes
between 59 and 70 proteins containing the RhoGAP domain [106]. A comprehensive comparative analysis
on RhoGAPs that would include basal metazoans has not been done so far. A comparative analysis of
metastasis suppressors in Metazoa has revealed that homologs of Rho GTPase-activating protein DLC-1
(deleted in liver cancer 1) were present in all basal Metazoa (non-Bilateria) [107]. In another study, it was
shown that the homologs of Rho GTPase-activating protein RhoGAP, ARHGAP11A (named MP-GAP for
M Phase GAP) were present in Cnidaria and Placozoa [108].

The human genome encodes 82 different RhoGEFs. Dbl-like (diffuse B-cell lymphoma) members
of the RhoGEFs form the largest family. Comparative analysis performed by [15] showed that the
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human Dbl-like family is composed of 71 members (20 subfamilies). Nineteen of them are present in
Porifera and fourteen in Choanoflagelida and Filasteria (the closest unicellular relatives of animal).
The analysis supports the idea that Dbl-like RhoGEFs were present at the origin of eukaryotes and,
in the course of evolution, developed as very adaptive cell signaling mediators. In non-bilaterian
metazoans, Fort and Biangly identified 28, 22, and 26 RhoGEF members in the genomes of Cnidaria,
Placozoa, and Porifera, respectively [15]. Since Porifera is one of the earliest-branching metazoan
lineages, it is very likely that the ancestral Metazoa had at least 19 of 20 RhoGEF vertebrate subfamilies.
This implies that the molecular pathways controlled by RhoGEF subfamilies were already established
at the origin of Metazoa [15].

4. Conclusions

Based on current knowledge on Rho-family GTPases in non-bilaterian animals, the available
experimental data about their biochemical characteristics and functions as well as our bioinformatics
analysis, we confirmed the presence of Rho and Cdc42 homologs in the genomes of all basal Metazoa.
A member of the Rac family was found in the genomes of Porifera, Placozoa, and Cnidaria, while a
member of the Miro family is present in the genomes of Cnidaria and Placozoa. Members of Rnd,
RhoUYV, and RhoBTB families are present in the genomes of Cnidaria. These findings support the
conclusion that the ancestor of all animals probably contained Rho, Rac, and Cdc42 homologs. We failed
to confirm the Rac gene in the currently available placozoan genome database. This could be due to
gene loss, incomplete and/or low quality genome assemblies, and/or gene annotation. RhoUV and
Rnd genes probably emerged before the divergence of Cnidaria. A varying number of paralogs
in early-branching animals is probably a consequence of lineage-specific duplications or gene loss.
Protein analysis revealed that Rho, Rac, Cdc42, RhoBTB, and Miro homologs present in basal Metazoa
show high similarity in primary and secondary structures with homologs in “higher” metazoans,
implying possible similar or identical biochemical and biological functions. Therefore, we believe
that basal metazoans represent an important model for studying the properties of ancestral metazoan
homologs before their diversification in higher animals. Moreover, the use of these animals as
experimental models is imperative for understanding the causes, biology, and prevention of human
diseases, especially cancer.
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Author Contributions: S.B. carried out bioinformatics analyses. H.C. conceived and oversaw the work. H.C.
drafted the initial version of the manuscript. M.H.B. and H.C. reviewed and edited the manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: This work has been fully supported by the Croatian Science Foundation under the project number

IP-2019-04-5382 to H.C. The work of doctoral student Silvestar Beljan has been fully supported by the “Young
researchers’ career development project-training of doctoral students” of the Croatian Science Foundation funded
by the European Union from the European Social Fund.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Berlinck, R.G.,; Ogawa, C.A.; Almeida, A.M.; Sanchez, M.A.; Malpezzi, E.L.; Costa, L.V.; Hajdu, E.;
de Freitas, J.C. Chemical and pharmacological characterization of halitoxin from Amphimedon viridis
(Porifera) from the southeastern Brazilian coast. Comp. Biochem. Physiol. C Pharmacol. Toxicol. Endocrinol.
1996, 115, 155-163. [CrossRef]

2. Cetkovic, H.; Mikoc, A.; Muller, WE.G.; Gamulin, V. Ras-like small GTPases form a large family of proteins
in the marine sponge Suberites domuncula. J. Mol. Evol. 2007, 64, 332-341. [CrossRef] [PubMed]

3.  Bourne, H.R; Sanders, D.A.; Mccormick, F. The GTPase Superfamily: Conserved Structure and Molecular
Mechanism. Nature 1991, 349, 117-127. [CrossRef] [PubMed]


http://www.mdpi.com/2073-4409/9/10/2279/s1
http://dx.doi.org/10.1016/S0742-8413(96)00107-7
http://dx.doi.org/10.1007/s00239-006-0081-3
http://www.ncbi.nlm.nih.gov/pubmed/17334709
http://dx.doi.org/10.1038/349117a0
http://www.ncbi.nlm.nih.gov/pubmed/1898771

Cells 2020, 9, 2279 23 of 27

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Ellis, R.W.; Defeo, D.; Shih, T.Y.; Gonda, M.A_; Young, H.A.; Tsuchida, N.; Lowy, D.R.; Scolnick, E.M. The p21
src genes of Harvey and Kirsten sarcoma viruses originate from divergent members of a family of normal
vertebrate genes. Nature 1981, 292, 506-511. [CrossRef]

Hancock, ].F,; Parton, R.G. Ras plasma membrane signalling platforms. Biochem. . 2005, 389, 1-11. [CrossRef]
Wennerberg, K.; Rossman, K.L.; Der, C.J. The Ras superfamily at a glance. J. Cell Sci. 2005, 118, 843-846.
[CrossRef]

Wennerberg, K.; Der, C.J. Rho-family GTPases: It's not only Rac and Rho (and I like it). J. Cell Sci. 2004, 117,
1301-1312. [CrossRef]

Donaldson, J.G.; Honda, A. Localization and function of Arf family GTPases. Biochem. Soc. Trans. 2005, 33,
639-642. [CrossRef]

Bucci, C.; Chiariello, M. Signal transduction gRABs attention. Cell. Signal 2006, 18, 1-8. [CrossRef]

Moore, M.S.; Blobel, G. The Gtp-Binding Protein Ran/Tc4 Is Required for Protein Import into the Nucleus.
Nature 1993, 365, 661-663. [CrossRef]

Colicelli, ]. Human RAS superfamily proteins and related GTPases. Science’s STKE 2004, 2004, re13. [CrossRef]
[PubMed]

Bishop, A.L.; Hall, A. Rho GTPases and their effector proteins. Biochem. ]. 2000, 348, 241-255. [CrossRef]
[PubMed]

Karnoub, A.E.; Weinberg, R.A. Ras oncogenes: Split personalities. Nat. Rev. Mol. Cell Biol. 2008, 9, 517-531.
[CrossRef] [PubMed]

Boureux, A.; Vignal, E.; Faure, S.; Fort, P. Evolution of the Rho family of Ras-like GTPases in eukaryotes.
Mol. Biol. Evol. 2007, 24, 203-216. [CrossRef]

Fort, P; Blangy, A. The Evolutionary Landscape of Dbl-Like RhoGEF Families: Adapting Eukaryotic Cells to
Environmental Signals. Genome Biol. Evol. 2017, 9, 1471-1486. [CrossRef] [PubMed]

Freeman, J.L.; Abo, A.; Lambeth, ].D. Rac “insert region” is a novel effector region that is implicated in the
activation of NADPH oxidase, but not PAK®65. . Biol. Chem. 1996, 271, 19794-19801. [CrossRef] [PubMed]
Valencia, A.; Chardin, P.; Wittinghofer, A.; Sander, C. The Ras Protein Family: Evolutionary Tree and Role of
Conserved Amino-Acids. Biochemistry 1991, 30, 4637-4648. [CrossRef]

Hakoshima, T.; Shimizu, T.; Maesaki, R. Structural basis of the Rho GTPase signaling. J. Biochem. 2003, 134,
327-331. [CrossRef]

Ueyama, T. Rho-Family Small GTPases: From Highly Polarized Sensory Neurons to Cancer Cells. Cells 2019,
8, 92. [CrossRef]

Hall, A. Rho GTPases and the actin cytoskeleton. Science 1998, 279, 509-514. [CrossRef]

Schmitz, A.A.; Govek, E.E.; Bottner, B.; Van Aelst, L. Rho GTPases: Signaling, migration, and invasion.
Exp. Cell. Res. 2000, 261, 1-12. [CrossRef] [PubMed]

Aspenstrom, P; Ruusala, A.; Pacholsky, D. Taking Rho GTPases to the next level: The cellular functions of
atypical Rho GTPases. Exp. Cell. Res. 2007, 313, 3673-3679. [CrossRef]

Fransson, A.; Ruusala, A.; Aspenstrom, P. Atypical Rho GTPases have roles in mitochondrial homeostasis
and apoptosis. J. Biol. Chem. 2003, 278, 6495-6502. [CrossRef]

Parfrey, L.W.; Lahr, D.J.; Knoll, A.H.; Katz, L.A. Estimating the timing of early eukaryotic diversification with
multigene molecular clocks. Proc. Natl. Acad. Sci. USA 2011, 108, 13624-13629. [CrossRef]

Fort, P,; Blangy, A. (Eds.) Rho GTPases: Molecular Biology in Health and Disease; World Scientific: Singapore,
2017; pp. 1-204.

Elias, M.; Klimes, V. Rho GTPases: Deciphering the Evolutionary History of a Complex Protein Family. In Rho
GTPases: Methods and Protocols; Rivero, F., Ed.; Springer: New York, NY, USA, 2012; pp. 13-34. [CrossRef]
Fort, P. Rho signaling: An historical and evolutionary perspective. In Rho Signaling: Molecular Biology in
Health and Disease; Fort, P., Blangy, A., Eds.; World Scientific: Singapore, 2017; pp. 3-18. [CrossRef]

Jones, D.T.; Taylor, W.R.; Thornton, ].M. The rapid generation of mutation data matrices from protein
sequences. Bioinformatics 1992, 8, 275-282. [CrossRef] [PubMed]

Kumar, S.; Stecher, G.; Tamura, K. MEGA?7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger
Datasets. Mol. Biol. Evol. 2016, 33, 1870-1874. [CrossRef] [PubMed]

Xiao, S.; Laflamme, M. On the eve of animal radiation: Phylogeny, ecology and evolution of the Ediacara
biota. Trends Ecol. Evol. 2009, 24, 31-40. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/292506a0
http://dx.doi.org/10.1042/BJ20050231
http://dx.doi.org/10.1242/jcs.01660
http://dx.doi.org/10.1242/jcs.01118
http://dx.doi.org/10.1042/BST0330639
http://dx.doi.org/10.1016/j.cellsig.2005.07.001
http://dx.doi.org/10.1038/365661a0
http://dx.doi.org/10.1126/stke.2502004re13
http://www.ncbi.nlm.nih.gov/pubmed/15367757
http://dx.doi.org/10.1042/bj3480241
http://www.ncbi.nlm.nih.gov/pubmed/10816416
http://dx.doi.org/10.1038/nrm2438
http://www.ncbi.nlm.nih.gov/pubmed/18568040
http://dx.doi.org/10.1093/molbev/msl145
http://dx.doi.org/10.1093/gbe/evx100
http://www.ncbi.nlm.nih.gov/pubmed/28541439
http://dx.doi.org/10.1074/jbc.271.33.19794
http://www.ncbi.nlm.nih.gov/pubmed/8702687
http://dx.doi.org/10.1021/bi00233a001
http://dx.doi.org/10.1093/jb/mvg149
http://dx.doi.org/10.3390/cells8020092
http://dx.doi.org/10.1126/science.279.5350.509
http://dx.doi.org/10.1006/excr.2000.5049
http://www.ncbi.nlm.nih.gov/pubmed/11082269
http://dx.doi.org/10.1016/j.yexcr.2007.07.022
http://dx.doi.org/10.1074/jbc.M208609200
http://dx.doi.org/10.1073/pnas.1110633108
http://dx.doi.org/10.1007/978-1-61779-442-1_2
http://dx.doi.org/10.1142/9789813228795_0001
http://dx.doi.org/10.1093/bioinformatics/8.3.275
http://www.ncbi.nlm.nih.gov/pubmed/1633570
http://dx.doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
http://dx.doi.org/10.1016/j.tree.2008.07.015
http://www.ncbi.nlm.nih.gov/pubmed/18952316

Cells 2020, 9, 2279 24 of 27

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Philippe, H.; Derelle, R.; Lopez, P,; Pick, K.; Borchiellini, C.; Boury-Esnault, N.; Vacelet, J.; Renard, E.;
Houliston, E.; Queinnec, E.; et al. Phylogenomics revives traditional views on deep animal relationships.
Curr. Biol. 2009, 19, 706-712. [CrossRef]

Conway Morris, S. The Cambrian “explosion”: Slow-fuse or megatonnage? Proc. Natl. Acad. Sci. USA 2000,
97, 4426-4429. [CrossRef]

Rokas, A.; Kruger, D.; Carroll, S.B. Animal evolution and the molecular signature of radiations compressed
in time. Science 2005, 310, 1933-1938. [CrossRef]

Lanna, E. Evo-devo of non-bilaterian animals. Genet. Mol. Biol. 2015, 38, 284-300. [CrossRef]

Cetkovic, H.; Perina, D.; Harcet, M.; Mikoc, A.; Bosnar, M.H. Nme family of proteins-clues from simple
animals. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2015, 388, 133-142. [CrossRef]

Leys, S.P; Hill, A. The Physiology and Molecular Biology of Sponge Tissues. Adv. Mar. Biol. 2012, 62, 1-56.
[PubMed]

Leys, S.P. Sponge development: Using microscopy to understand key features of the metazoan body plan.
Integr. Comp. Biol. 2004, 44, 592.

Srivastava, M.; Simakov, O.; Chapman, J.; Fahey, B.; Gauthier, M.E.; Mitros, T.; Richards, G.S.; Conaco, C.;
Dacre, M.; Hellsten, U.; et al. The Amphimedon queenslandica genome and the evolution of animal
complexity. Nature 2010, 466, 720-726. [CrossRef]

Ryan, J.E,; Pang, K.; Schnitzler, C.E.; Nguyen, A.D.; Moreland, R.T.; Simmons, D.K.; Koch, B.J.; Francis, WR.;
Havlak, P.; Smith, S.A.; et al. The Genome of the Ctenophore Mnemiopsis leidyi and Its Implications for Cell
Type Evolution. Science 2013, 342. [CrossRef]

Srivastava, M.; Begovic, E.; Chapman, J.; Putnam, N.H.; Hellsten, U.; Kawashima, T.; Kuo, A.; Mitros, T.;
Salamov, A.; Carpenter, M.L,; et al. The Trichoplax genome and the nature of placozoans. Nature 2008, 454,
955-960. [CrossRef] [PubMed]

Chapman, J.A.; Kirkness, EF; Simakov, O.; Hampson, SE.; Mitros, T.; Weinmaier, T.; Rattei, T.;
Balasubramanian, P.G.; Borman, J.; Busam, D.; et al. The dynamic genome of Hydra. Nature 2010, 464,
592-596. [CrossRef] [PubMed]

Putnam, N.H.; Srivastava, M.; Hellsten, U.; Dirks, B.; Chapman, J.; Salamov, A.; Terry, A.; Shapiro, H.;
Lindquist, E.; Kapitonov, V.V,; et al. Sea anemone genome reveals ancestral eumetazoan gene repertoire and
genomic organization. Science 2007, 317, 86-94. [CrossRef] [PubMed]

Surm, ].M,; Stewart, Z.K.; Papanicolaou, A.; Pavasovic, A.; Prentis, PJ. The draft genome of Actinia tenebrosa
reveals insights into toxin evolution. Ecol. Evol. 2019, 9, 11314-11328. [CrossRef]

Helmkampf, M.; Bellinger, M.R.; Geib, S.; Sim, S.B.; Takabayashi, M. Draft Genome of the Rice Coral
Montipora capitata Obtained from Linked-Read Sequencing. Genome Biol. Evol. 2019, 11, 2045-2054.
[CrossRef]

Wilding, C.S.; Fletcher, N.; Smith, E.K.; Prentis, P.; Weedall, G.D.; Stewart, Z. The genome of the sea anemone
Actinia equina (L.): Meiotic toolkit genes and the question of sexual reproduction. Mar. Geonomics 2020, 53,
100753. [CrossRef]

Baumgarten, S.; Simakov, O.; Esherick, L.Y.; Liew, Y.J.; Lehnert, EIM.; Michell, C.T.; Li, Y.; Hambleton, E.A.;
Guse, A.; Oates, M.E,; et al. The genome of Aiptasia, a sea anemone model for coral symbiosis. Proc. Natl.
Acad. Sci. USA 2015, 112, 11893-11898. [CrossRef]

Cunning, R.; Bay, R.A,; Gillette, P.; Baker, A.C.; Traylor-Knowles, N. Comparative analysis of the Pocillopora
damicornis genome highlights role of immune system in coral evolution. Sci. Rep. 2018, 8, 16134. [CrossRef]
Ohdera, A.; Ames, C.L.; Dikow, R.B.; Kayal, E.; Chiodin, M.; Busby, B.; La, S.; Pirro, S.; Collins, A.G.;
Medina, M.; et al. Box, stalked, and upside-down? Draft genomes from diverse jellyfish (Cnidaria,
Acraspeda) lineages: Alatina alata (Cubozoa), Calvadosia cruxmelitensis (Staurozoa), and Cassiopea
xamachana (Scyphozoa). GigaScience 2019, 8. [CrossRef]

Voolstra, C.R; Li, Y.; Liew, Y.J.; Baumgarten, S.; Zoccola, D.; Flot, ].E; Tambutte, S.; Allemand, D.; Aranda, M.
Comparative analysis of the genomes of Stylophora pistillata and Acropora digitifera provides evidence for
extensive differences between species of corals. Sci. Rep. 2017, 7, 17583. [CrossRef]

Shinzato, C.; Shoguchi, E.; Kawashima, T.; Hamada, M.; Hisata, K.; Tanaka, M.; Fujie, M.; Fujiwara, M.;
Koyanagi, R.; Ikuta, T.; et al. Using the Acropora digitifera genome to understand coral responses to
environmental change. Nature 2011, 476, 320-323. [CrossRef]


http://dx.doi.org/10.1016/j.cub.2009.02.052
http://dx.doi.org/10.1073/pnas.97.9.4426
http://dx.doi.org/10.1126/science.1116759
http://dx.doi.org/10.1590/S1415-475738320150005
http://dx.doi.org/10.1007/s00210-014-1017-x
http://www.ncbi.nlm.nih.gov/pubmed/22664120
http://dx.doi.org/10.1038/nature09201
http://dx.doi.org/10.1126/science.1242592
http://dx.doi.org/10.1038/nature07191
http://www.ncbi.nlm.nih.gov/pubmed/18719581
http://dx.doi.org/10.1038/nature08830
http://www.ncbi.nlm.nih.gov/pubmed/20228792
http://dx.doi.org/10.1126/science.1139158
http://www.ncbi.nlm.nih.gov/pubmed/17615350
http://dx.doi.org/10.1002/ece3.5633
http://dx.doi.org/10.1093/gbe/evz135
http://dx.doi.org/10.1016/j.margen.2020.100753
http://dx.doi.org/10.1073/pnas.1513318112
http://dx.doi.org/10.1038/s41598-018-34459-8
http://dx.doi.org/10.1093/gigascience/giz069
http://dx.doi.org/10.1038/s41598-017-17484-x
http://dx.doi.org/10.1038/nature10249

Cells 2020, 9, 2279 25 of 27

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Jeon, Y.; Park, S.G.; Lee, N.; Weber, ].A.; Kim, H.S.; Hwang, S.J.; Woo, S.; Kim, H.M.; Bhak, Y.; Jeon, S,;
et al. The Draft Genome of an Octocoral, Dendronephthya gigantea. Genome Biol. Evol. 2019, 11, 949-953.
[CrossRef] [PubMed]

Ying, H.; Hayward, D.C.; Cooke, I.; Wang, W.; Moya, A.; Siemering, K.R.; Sprungala, S.; Ball, E.E.; Foret, S.;
Miller, D.J. The Whole-Genome Sequence of the Coral Acropora millepora. Genome Biol. Evol. 2019, 11,
1374-1379. [CrossRef]

Moroz, L.L.; Kocot, KM.; Citarella, M.R.; Dosung, S.; Norekian, T.P.; Povolotskaya, I.S.; Grigorenko, A.P.;
Dailey, C.; Berezikov, E.; Buckley, K.M.; et al. The ctenophore genome and the evolutionary origins of neural
systems. Nature 2014, 510, 109-114. [CrossRef]

Love, G.D.; Grosjean, E.; Stalvies, C.; Fike, D.A.; Grotzinger, J.P; Bradley, A.S.; Kelly, A.E.; Bhatia, M.;
Meredith, W.; Snape, C.E.; et al. Fossil steroids record the appearance of Demospongiae during the
Cryogenian period. Nature 2009, 457, 718-721. [CrossRef] [PubMed]

Cetkovic, H.; Halasz, M.; Bosnar, M.H. Sponges: A Reservoir of Genes Implicated in Human Cancer.
Mar. Drugs 2018, 16, 20. [CrossRef]

Harcet, M.; Roller, M.; Cetkovic, H.; Perina, D.; Wiens, M.; Muller, W.E.; Vlahovicek, K. Demosponge
EST Sequencing Reveals a Complex Genetic Toolkit of the Simplest Metazoans. Mol. Biol. Evol. 2010, 27,
2747-2756. [CrossRef]

Pearse, V.B.; Voigt, O. Field biology of placozoans (Trichoplax): Distribution, diversity, biotic interactions.
Integr. Comp. Biol. 2007, 47, 677-692. [CrossRef]

Voigt, O.; Collins, A.G.; Pearse, V.B.; Pearse, ].S.; Ender, A.; Hadrys, H.; Schierwater, B. Placozoa-no longer a
phylum of one. Curr. Biol. 2004, 14, R944-R945. [CrossRef]

Collins, A.G. Phylogeny of Medusozoa and the evolution of cnidarian life cycles. J. Evolution. Biol. 2002, 15,
418-432. [CrossRef]

Cummings, S5.G.; Bode, H.R. Head Regeneration and Polarity Reversal in Hydra-Attenuata Can Occur in the
Absence of DNA-Synthesis. Roux. Arch. Dev. Biol. 1984, 194, 79-86. [CrossRef]

Technau, U.; Steele, R.E. Evolutionary crossroads in developmental biology: Cnidaria. Development 2011,
138, 1447-1458. [CrossRef]

Simion, P; Bekkouche, N.; Jager, M.; Queinnec, E.; Manuel, M. Exploring the potential of small RNA subunit
and ITS sequences for resolving phylogenetic relationships within the phylum Ctenophora. Zoology 2015,
118, 102-114. [CrossRef]

Podar, M.; Haddock, S.H.D.; Sogin, M.L.; Harbison, G.R. A molecular phylogenetic framework for the
phylum Ctenophora using 18S rRNA genes. Mol. Phylogenet. Evol. 2001, 21, 218-230. [CrossRef]

Jager, M.; Chiori, R.; Alie, A.; Dayraud, C.; Queinnec, E.; Manuel, M. New Insights on Ctenophore Neural
Anatomy: Immunofluorescence Study in Pleurobrachia pileus (Muller, 1776). J. Exp. Zool. B Mol. Dev. Evol.
2011, 316B, 171-187. [CrossRef] [PubMed]

Edgecombe, G.; Giribet, G.; Dunn, C.; Hejnol, A.; Kristensen, R.; Neves, R.; Rouse, G.; Worsaae, K.; Serensen, M.
Higher-level metazoan relationships: Recent progress and remaining questions. Org. Divers. Evol. 2011, 11,
151-172. [CrossRef]

Dohrmann, M.; Worheide, G. Novel Scenarios of Early Animal Evolution-Is It Time to Rewrite Textbooks?
Integr. Comp. Biol. 2013, 53, 503-511. [CrossRef] [PubMed]

Pandey, A.; Braun, E. Phylogenetic Analyses of Sites in Different Protein Structural Environments Result in
Distinct Placements of the Metazoan Root. Biology 2020, 9, 64. [CrossRef]

Nielsen, C.; Scharff, N.; Eibye-Jacobsen, D. Cladistic analyses of the animal kingdom. Biol. |. Linn. Soc. 1996,
57,385-410. [CrossRef]

Pick, K.S.; Philippe, H.; Schreiber, F.; Erpenbeck, D.; Jackson, D.J.; Wrede, P.; Wiens, M.; Alie, A,;
Morgenstern, B.; Manuel, M.; et al. Improved phylogenomic taxon sampling noticeably affects nonbilaterian
relationships. Mol. Biol. Evol. 2010, 27, 1983-1987. [CrossRef]

Leininger, S.; Adamski, M.; Bergum, B.; Guder, C.; Liu, J.; Laplante, M.; Bréte, J.; Hoffmann, E; Fortunato, S.;
Jordal, S.; et al. Developmental gene expression provides clues to relationships between sponge and
eumetazoan body plans. Nat. Commun. 2014, 5, 3905. [CrossRef]

Pruyne, D.; Legesse-Miller, A.; Gao, L.; Dong, Y.; Bretscher, A. Mechanisms of Polarized Growth and
Organelle Segregation in Yeast. Annu. Rev. Cell Dev. Biol. 2004, 20, 559-591. [CrossRef]


http://dx.doi.org/10.1093/gbe/evz043
http://www.ncbi.nlm.nih.gov/pubmed/30825304
http://dx.doi.org/10.1093/gbe/evz077
http://dx.doi.org/10.1038/nature13400
http://dx.doi.org/10.1038/nature07673
http://www.ncbi.nlm.nih.gov/pubmed/19194449
http://dx.doi.org/10.3390/md16010020
http://dx.doi.org/10.1093/molbev/msq174
http://dx.doi.org/10.1093/icb/icm015
http://dx.doi.org/10.1016/j.cub.2004.10.036
http://dx.doi.org/10.1046/j.1420-9101.2002.00403.x
http://dx.doi.org/10.1007/BF00848347
http://dx.doi.org/10.1242/dev.048959
http://dx.doi.org/10.1016/j.zool.2014.06.004
http://dx.doi.org/10.1006/mpev.2001.1036
http://dx.doi.org/10.1002/jez.b.21386
http://www.ncbi.nlm.nih.gov/pubmed/21462312
http://dx.doi.org/10.1007/s13127-011-0044-4
http://dx.doi.org/10.1093/icb/ict008
http://www.ncbi.nlm.nih.gov/pubmed/23539635
http://dx.doi.org/10.3390/biology9040064
http://dx.doi.org/10.1111/j.1095-8312.1996.tb01857.x
http://dx.doi.org/10.1093/molbev/msq089
http://dx.doi.org/10.1038/ncomms4905
http://dx.doi.org/10.1146/annurev.cellbio.20.010403.103108

Cells 2020, 9, 2279 26 of 27

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Jaffe, A.; Hall, A. Rho GTPases: Biochemistry and biology. Annu. Rev. Cell Dev. Biol. 2005, 21, 247-269.
[CrossRef]

Hedges, S.; Blair, J.; Venturi, M.; Shoe, J. A molecular timescale of eukaryote evolution and the rise of complex
multicellular life. BMC Evol. Biol. 2004, 4, 2. [CrossRef]

Aspenstrom, P.; Fransson, A Saras, J.; Aspenstrom, P.; Fransson, A.; Saras, J. Rho GTPases have diverse
effects on the organization of the actin filament system. Biochem. J. 2004, 377, 327-337. [CrossRef]
Siripurapu, V.; Meth, J.; Kobayashi, N.; Hamaguchi, M. DBC2 significantly influences cell-cycle, apoptosis,
cytoskeleton and membrane-trafficking pathways. J. Mol. Biol. 2005, 346, 83-89. [CrossRef] [PubMed]
Larkin, M.A.; Blackshields, G.; Brown, N.P.; Chenna, R.; McGettigan, P.A.; McWilliam, H.; Valentin, F.;
Wallace, LM.; Wilm, A.; Lopez, R; et al. Clustal W and clustal X version 2.0. Bioinformatics 2007, 23, 2947-2948.
[CrossRef] [PubMed]

Campanella, ].J.; Bitincka, L.; Smalley, J. MatGAT: An application that generates similarity/identity matrices
using protein or DNA sequences. BMC Bioinform. 2003, 4, 29. [CrossRef]

Li, X.; Wang, R.; Xun, X; Jiao, W.; Zhang, M.; Wang, S.; Wang, S.; Zhang, L.; Huang, X.; Hu, X; et al. The Rho
GTPase Family Genes in Bivalvia Genomes: Sequence, Evolution and Expression Analysis. PLoS ONE 2015,
10, €0143932. [CrossRef]

Mocholi, E.; Ballester-Lurbe, B.; Arque, G.; Poch, E.; Peris, B.; Guerri, C.; Dierssen, M.; Guasch, R.;
Terrado, J.; Pérez-Roger, I. RhoE Deficiency Produces Postnatal Lethality, Profound Motor Deficits and
Neurodevelopmental Delay in Mice. PLoS ONE 2011, 6, €19236. [CrossRef]

Dickover, M.; Hegarty, ] M.; Ly, K.; Lopez, D.; Yang, H.; Zhang, R.; Tedeschi, N.; Hsiai, TK.; Chi, N.C.
The atypical Rho GTPase, RhoU, regulates cell-adhesion molecules during cardiac morphogenesis. Dev. Biol.
2014, 389, 182-191. [CrossRef]

Herrer, I1.; Rosello-Lleti, E.; Rivera, M.; Molina-Navarro, M.; Tarazén, E.; Ortega, A.; Martinez-Dolz, L.;
Trivifio, J.; Lago, F.; Gonzalez-Juanatey, J.; et al. RNA-sequencing analysis reveals new alterations in
cardiomyocyte cytoskeletal genes in patients with heart failure. Lab. Investig. 2014, 94, 645-683. [CrossRef]
Vlahou, G.; Elias, M.; von Kleist-Retzow, J.C.; Wiesner, R.J.; Rivero, F. The Ras related GTPase Miro is not
required for mitochondrial transport in Dictyostelium discoideum. Eur. ]. Cell Biol. 2011, 90, 342-355.
[CrossRef]

Peters, D.T.; Kay, L.; Eswaran, ].; Lakey, ] H.; Soundararajan, M. Human Miro Proteins Act as NTP Hydrolases
through a Novel, Non-Canonical Catalytic Mechanism. Int. J. Mol. Sci. 2018, 19, 3839. [CrossRef]

Polakis, P. Wnt signaling and cancer. Genes Dev. 2000, 14, 1837-1851. [CrossRef] [PubMed]

Miller, J.R. The Wnts. Genome Biol. 2002, 3, reviews3001.1. [CrossRef]

Adler, P; Lee, H.; Adler, PN.; Lee, H. Frizzled signaling and cell-cell interactions in planar polarity. Curr. Opin.
Cell Biol. 2001, 13, 635-640. [CrossRef]

Braga, VM.; Machesky, L.M.; Hall, A.; Hotchin, N.A. The small GTPases Rho and Rac are required for
the establishment of cadherin-dependent cell-cell contacts. J. Cell. Biol. 1997, 137, 1421-1431. [CrossRef]
[PubMed]

Noren, N.K.; Niessen, C.M.; Gumbiner, B.M.; Burridge, K. Cadherin engagement regulates Rho family
GTPases. J. Biol. Chem. 2001, 276, 33305-33308. [CrossRef] [PubMed]

He, X.; Semenov, M.; Tamai, K.; Zeng, X. LDL receptor-related proteins 5 and 6 in Wnt/p3-catenin signaling:
Arrows point the way. Development 2004, 131, 1663-1677. [CrossRef]

Holstein, T.W. The Evolution of the Wnt Pathway. Cold Spring Harb. Perspect. Biol. 2012, 4, a007922. [CrossRef]
Lengfeld, T.; Watanabe, H.; Simakov, O.; Lindgens, D.; Gee, L.; Law, L.; Schmidt, H.A.; Ozbek, S.; Bode, H.;
Holstein, T.W. Multiple Wnts are involved in Hydra organizer formation and regeneration. Dev. Biol. 2009,
330, 186-199. [CrossRef]

Kusserow, A.; Pang, K.; Sturm, C.; Hrouda, M.; Lentfer, J.; Schmidt, H.A.; Technau, U.; von Haeseler, A.;
Hobmayer, B.; Martindale, M.Q.; et al. Unexpected complexity of the Wnt gene family in a sea anemone.
Nature 2005, 433, 156-160. [CrossRef]

Lee, PN.; Pang, K.; Matus, D.Q.; Martindale, M.Q. A WNT of things to come: Evolution of Wnt signaling
and polarity in cnidarians. Semin. Cell Dev. Biol. 2006, 17, 157-167. [CrossRef]

Holstein, T.W.; Watanabe, H.; Ozbek, S. Signaling pathways and axis formation in the lower metazoa.
Curr. Top. Dev. Biol. 2011, 97, 137-177. [CrossRef] [PubMed]


http://dx.doi.org/10.1146/annurev.cellbio.21.020604.150721
http://dx.doi.org/10.1186/1471-2148-4-2
http://dx.doi.org/10.1042/BJ20031041
http://dx.doi.org/10.1016/j.jmb.2004.11.043
http://www.ncbi.nlm.nih.gov/pubmed/15663929
http://dx.doi.org/10.1093/bioinformatics/btm404
http://www.ncbi.nlm.nih.gov/pubmed/17846036
http://dx.doi.org/10.1186/1471-2105-4-29
http://dx.doi.org/10.1371/journal.pone.0143932
http://dx.doi.org/10.1371/journal.pone.0019236
http://dx.doi.org/10.1016/j.ydbio.2014.02.014
http://dx.doi.org/10.1038/labinvest.2014.54
http://dx.doi.org/10.1016/j.ejcb.2010.10.012
http://dx.doi.org/10.3390/ijms19123839
http://dx.doi.org/10.1101/cshperspect.a008052
http://www.ncbi.nlm.nih.gov/pubmed/22438566
http://dx.doi.org/10.1186/gb-2001-3-1-reviews3001
http://dx.doi.org/10.1016/S0955-0674(00)00263-5
http://dx.doi.org/10.1083/jcb.137.6.1421
http://www.ncbi.nlm.nih.gov/pubmed/9182672
http://dx.doi.org/10.1074/jbc.C100306200
http://www.ncbi.nlm.nih.gov/pubmed/11457821
http://dx.doi.org/10.1242/dev.01117
http://dx.doi.org/10.1101/cshperspect.a007922
http://dx.doi.org/10.1016/j.ydbio.2009.02.004
http://dx.doi.org/10.1038/nature03158
http://dx.doi.org/10.1016/j.semcdb.2006.05.002
http://dx.doi.org/10.1016/b978-0-12-385975-4.00012-7
http://www.ncbi.nlm.nih.gov/pubmed/22074605

Cells 2020, 9, 2279 27 of 27

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Adell, T.; Nefkens, L; Miiller, W.E. Polarity factor ‘Frizzled” in the demosponge Suberites domuncula:
Identification, expression and localization of the receptor in the epithelium/pinacoderm(1). FEBS Lett. 2003,
554, 363-368. [CrossRef]

Adell, T.; Thakur, A.N.; Miiller, W.E.G. Isolation and characterization of Wnt pathway-related genes from
Porifera. Cell Biol. Int. 2007, 31, 939-949. [CrossRef] [PubMed]

Adamska, M.; Degnan, S.M.; Green, K.M.; Adamski, M.; Craigie, A.; Larroux, C.; Degnan, B.M. Wnt and
TGF-beta expression in the sponge Amphimedon queenslandica and the origin of metazoan embryonic
patterning. PLoS ONE 2007, 2, e1031. [CrossRef]

Adamska, M.; Larroux, C.; Adamski, M.; Green, K.; Lovas, E.; Koop, D.; Richards, G.S.; Zwafink, C.;
Degnan, B.M. Structure and expression of conserved Wnt pathway components in the demosponge
Amphimedon queenslandica. Evol. Dev. 2010, 12, 494-518. [CrossRef]

Jager, M.; Dayraud, C.; Mialot, A.; Quéinnec, E.; le Guyader, H.; Manuel, M. Evidence for Involvement of
Wnt Signalling in Body Polarities, Cell Proliferation, and the Neuro-Sensory System in an Adult Ctenophore.
PLoS ONE 2014, 8, €84363. [CrossRef]

Amano, M.; Nakayama, M.; Kaibuchi, K. Rho-kinase/ROCK: A key regulator of the cytoskeleton and cell
polarity. Cytoskeleton 2010, 67, 545-554. [CrossRef]

Schlessinger, K.; Hall, A.; Tolwinski, N. Wnt signaling pathways meet Rho GTPases. Genes Dev. 2009, 23,
265-277. [CrossRef]

Schenkelaars, Q.; Quintero, O.; Hall, C.; Fierro-Constain, L.; Renard, E.; Borchiellini, C.; Hill, A.L.
ROCK inhibition abolishes the establishment of the aquiferous system in Ephydatia muelleri (Porifera,
Demospongiae). Dev. Biol. 2016, 412, 298-310. [CrossRef]

Holz, O.; Apel, D.; Steinmetz, P.; Lange, E.; Hopfenmuller, S.; Ohler, K.; Sudhop, S.; Hassel, M. Bud
detachment in hydra requires activation of fibroblast growth factor receptor and a Rho-ROCK-myosin II
signaling pathway to ensure formation of a basal constriction. Dev. Dyn. 2017, 246, 502-516. [CrossRef]
Muller, PM.; Rademacher, J.; Bagshaw, R.D.; Wortmann, C.; Barth, C.; van Unen, J.; Alp, K.M.; Giudice, G.;
Eccles, R.L.; Heinrich, L.E; et al. Systems analysis of RhoGEF and RhoGAP regulatory proteins reveals
spatially organized RACI1 signalling from integrin adhesions. Nat. Cell Biol. 2020, 22, 498-511. [CrossRef]
[PubMed]

Goh, L.L.; Manser, E. The GTPase-deficient Rnd Proteins Are Stabilized by Their Effectors. . Biol. Chem.
2012, 287, 31311-31320. [CrossRef] [PubMed]

Tcherkezian, J.; Lamarche-Vane, N. Current knowledge of the large RhoGAP family of proteins. Biol. Cell
2007, 99, 67-86. [CrossRef] [PubMed]

Cetkovic, H.; Harcet, M.; Roller, M.; Bosnar, M.H. A survey of metastasis suppressors in Metazoa. Lab. Investig.
2018, 98, 554-570. [CrossRef] [PubMed]

Zanin, E.; Desai, A.; Poser, L.; Toyoda, Y.; Andree, C.; Moebius, C.; Bickle, M.; Conradt, B.; Piekny, A.;
Oegema, K. A Conserved RhoGAP Limits M Phase Contractility and Coordinates with Microtubule Asters
to Confine RhoA during Cytokinesis. Dev. Cell 2013, 26, 496-510. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/S0014-5793(03)01190-6
http://dx.doi.org/10.1016/j.cellbi.2007.03.003
http://www.ncbi.nlm.nih.gov/pubmed/17470402
http://dx.doi.org/10.1371/journal.pone.0001031
http://dx.doi.org/10.1111/j.1525-142X.2010.00435.x
http://dx.doi.org/10.1371/journal.pone.0084363
http://dx.doi.org/10.1002/cm.20472
http://dx.doi.org/10.1101/gad.1760809
http://dx.doi.org/10.1016/j.ydbio.2016.02.026
http://dx.doi.org/10.1002/dvdy.24508
http://dx.doi.org/10.1038/s41556-020-0488-x
http://www.ncbi.nlm.nih.gov/pubmed/32203420
http://dx.doi.org/10.1074/jbc.M111.327056
http://www.ncbi.nlm.nih.gov/pubmed/22807448
http://dx.doi.org/10.1042/BC20060086
http://www.ncbi.nlm.nih.gov/pubmed/17222083
http://dx.doi.org/10.1038/s41374-018-0024-9
http://www.ncbi.nlm.nih.gov/pubmed/29453400
http://dx.doi.org/10.1016/j.devcel.2013.08.005
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Rho Family of Proteins—Rho GTPases 
	Non-Bilaterian Animals 
	Sponges 
	Placozoans 
	Cnidarians 
	Ctenophores 

	Phylogenetic Relationship of Non-Bilaterian Animals 

	The Rho Family of Proteins, Rho GTPases, in Non-Bilaterian Animals 
	Rho 
	Cdc42 
	Rac 
	Rnd 
	RhoUV 
	RhoBTB 
	Miro 

	Rho GTPases in Non-Bilaterian Animals Participate in a Plethora of Signaling Pathways 
	Wnt Pathway 
	Rho/Rock Pathway 
	RhoGEFs and RhoGAPs 

	Conclusions 
	References

