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The decisive role of Embryology in understanding the evolution of animal

forms is founded and deeply rooted in the history of science. It is recognized

that the emergence of multicellularity would not have been possible without

the formation of the first embryo. We speculate that biophysical phenomena

and the surrounding environment of the Ediacaran ocean were instrumental

in co-opting a neoplastic functional module (NFM) within the nucleus of the

first zygote. Thus, the neoplastic process, understood here as a biological

phenomenon with profound embryologic implications, served as the

evolutionary engine that favored the formation of the first embryo and

cancerous diseases and allowed to coherently create and recreate body

shapes in different animal groups during evolution. In this article, we provide

a deep reflection on the Physics of the first embryogenesis and its

contribution to the exaptation of additional NFM components, such as

the extracellular matrix. Knowledge of NFM components, structure,

dynamics, and origin advances our understanding of the numerous

possibilities and different innovations that embryos have undergone to

create animal forms via Neoplasia during evolutionary radiation. The

developmental pathways of Neoplasia have their origins in ctenophores

and were consolidated in mammals and other apical groups.
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Introduction

An aspect undoubtedly overlooked when discussing

multicellularity and the emergence of metazoans, mostly as a

result of disregard by embryologists themselves, is that animal

multicellular organization could not have evolved without the

formation of the first embryo. The most basic requirement of

metazoan organization is the fusion of an oocyte and a sperm cell

to create an embryo. It is well accepted that cell fusion in

unicellular holozoans was a turning point in the transition to

embryonic multicellularity. In general, cell fusion occurs at

important points of transition during animal development

(Müller, 1990), and several forms of symbiosis can be

interpreted as fusion events leading to biological innovation

(Margulis and Fester, 1991). We propose that polyspermy

(which is in fact more appropriately referred to as

multiflagellate fusion, given that the flagellum of a sperm cell

is used for movement and flagella participating in the first fusion

event served a sensory function), a phenomenon whose relevance

to evolution has been greatly underestimated (Salinas-Saavedra

and Vargas, 2011), might have been a major determinant of

biological (cellular processes) and physical consequences

(Newman et al., 2006) resulting in the appearance of the first

animal embryo. Multiflagellate fusion, however, is not the focus

of this investigation and will be discussed in a separate article.

The first embryo, as a prerequisite, carried in its most basic

essence the ability to differentiate both germline components

(male and female), which inevitably leads us to define it as a

hermaphrodite organism. Hermaphroditism is a consequence of

fusion during the first “fertilization.” Fused cells, on the other

hand, are the result of a long experience of cellular differentiation

in unicellular organisms having meiosis as part of their life cycle.

Some may find it difficult to accept that we can discuss the

concept of cell differentiation in unicellular organisms, but the

feasibility of this idea becomes pristine clear when we consider,

for instance, a unicellular organism that multiplies by meiosis to

generate two phenotypically different cells through a process of

anisogametogenesis (Tschermak-Woess, 1959) or when we

observe multicellular associations formed by several

phenotypes throughout their life cycle (Matt and Umen, 2016;

Mathavarajah et al., 2021).

The theoretical framework of this article is based on the

premise that the formation of the first embryo was not a slow and

gradual process, but rather a fast, intense, and consistent process

that abruptly generated extremely complex cellular and tissue

structures. Some of the most relevant observations include cells

that undergo epiboly, collectively coordinated invagination, and

epithelial–mesenchymal transition (EMT) for the formation of

muscle cells and neurons, among others, as well as the

establishment of embryonic polarity by the embryo itself

during development. Thus, it is possible to affirm that, from a

biological and philosophical point of view, the whole process of

rapid construction of the embryo is encoded in the biology and

physics of initial fusion cells. In this article, we will also underpin

the view that cell potency is revealed during morphogenesis and,

therefore, differentiation is the result of embryonic architecture

and construction.

It is impossible not to marvel at embryogenesis when

manipulating animal embryos in the laboratory, observing

fertilization taking place, and watching the fusion event

disclose the structural coherence of the animal we have just

fertilized. This important property of embryogenesis is known as

potency or totipotency. Some authors reduce the meaning of

totipotency to the ability of a cell to differentiate into all cell types

of an organism, but we argue that it is more than that.

Totipotency is interconnected withmorphogenetic movements

that attain maximum expression in the construction of different

animal forms.

We further speculate that basic and transcendental elements

of cancer (such as Myc, Src, Ras, and Abl orthologs, among

others), which were already present in unicellular holozoans

(Suga et al., 2014; Sebé-Pedrós et al., 2016b), participated in

the construction of body forms in the first metazoan. It is logical

that such elements worked in a distinct, independent manner in

unicellular holozoans, serving specific purposes in sporogenesis,

gametogenesis, proliferative filopodial stage, or aggregative

filopodial stage (Sebé-Pedrós et al., 2016b); that is, these

elements acted in a completely different context than that of

cancerous diseases as we understand them today. Nevertheless, a

fundamental part of our hypothesis is that the fusion of

unicellular holozoan cells allowed the recruitment and co-

option of basic elements of cancer to the main core of the

first embryo.

From the point of view of embryology and phylogeny, when

discussing Neoplasia as an evolutionary engine, it is crucial to

focus our attention on six fundamental characteristics of cancer

cells. First and foremost, it is important to bear in mind that, in

cancer, cell division is out of control, being excessive and

continuous (Matthews et al., 2022). The second important

characteristic is the ability of cancer cells to metastasize and

expand beyond tissue boundaries. The third characteristic

comprises alterations in adhesion properties of the cell

membrane that determine the cell’s ability to proliferate,

migrate, and metastasize. The fourth characteristic refers to

altered cell metabolism. The fifth is that cancer has always

been considered a disease of cell differentiation (Markert,

1968). Finally, the sixth characteristic is that cancer is

associated with mechanosensory systems that transform

mechanical stimuli received by the extracellular matrix or

cytoskeleton into chemical signals—a process known as

mechanotransduction (Paszek and Weaver, 2004; Paszek et al.,

2005; Aguilar-Cuenca et al., 2014; Fattet et al., 2020).

From a conceptual point of view, we propose recruitment

(co-option) of cellular processes that were independent in

unicellular organisms; that is, the formation of an embryo as

an evolutionary innovation occurred by co-option of different
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processes at a cellular level (Müller, 1990; Müller, 2021). This

concept of recruitment or co-option, as we understand it, is well

consolidated in the original ideas of Gould and Vrba, being of

great relevance to our hypothesis because it differs from

adaptation models and is not restricted to phenotypic traits

(Gould and Vrba, 1982). We believe that the concept of

recruitment or co-option is sufficiently broad to contemplate

developmental pathways (Chipman, 2021; Müller, 2021). In our

proposal, recurrent transitions from unicellularity to

multicellularity in the life cycle of some fungi (Nanjundiah,

2016; Ros-Rocher et al., 2021), as well as their different forms

(Margulis et al., 1989), can be regarded as developmental stages

and serve as key points for understanding the emergence of the

first animal embryo.

Co-option of developmental pathways is a process by which

pre-existing characteristics of unicellular Holozoa would effect

evolutionary changes, providing an internal cellular environment

conducive to a great revolution. Thus, co-option contributes to

the consolidation of a module that we will hereafter refer to as

neoplastic process (NP) when talking about cell dynamics or

neoplastic functional module (NFM) when talking about

chromatin structure as influenced by biophysical phenomena.

The NP produces multiple effects at the cellular level, including

gene regulation, cell behavior, differentiation, and movement, as

well as the relative timing of these events, as already predicted by

Chipman (2021) and Müller (2021) in studies addressing the

exaptation of developmental pathways. Co-option as proposed in

our hypothesis is coherent with the three-dimensional (3D)

architecture of the nucleus and its influences on gene

expression (Cremer and Cremer, 2001; Wang H. et al., 2018;

Belyaeva et al., 2022). The presence of topologically associated

chromosomal domains constructed during embryonic

development (Flavahan et al., 2017) and deconstructed in

cancer (Hnisz et al., 2016) are a fundamental tenet of our

theoretical framework (Figure 1). Therefore, our hypothesis

argues for a recruitment (i.e., association of chromosomal

domains) of processes of proliferation, invasion, adhesion,

metabolism, differentiation, and mechanosensing, thereby

establishing an NFM with specific 3D chromatin organization.

Furthermore, our proposal incorporates the concept of modular

FIGURE 1
General scheme of the neoplastic functional module. Chromosomal domains were associated topologically by the physical impact of embryo
construction. The projected points and lines of the geometric figures represent the impact of embryonic morphogenesis on the cell nucleus. The
cells depicted in the figure are multipotent cells that receive most of the biophysical impact promoting embryo patterning. Neoplasia is the driving
force of embryo formation. The disease cancer is imbued in embryo construction andmasked by its organization. The last cell of the scheme is
one of the 2 cells of the hermaphroditic germ line of the first embryo, which harbors the neoplastic functional module and mechanical memory,
elements that contribute to the reconstruction of the process in the following generation. Emergence of animal phylogeny, cancer, and the first
embryo is implicit in the events represented in this diagram.
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exaptation (Andriani and Carignani, 2014) as an innovation

mechanism allowing the transformation of this NFM during

the first embryogenesis, leading to the appearance of the first

embryo as an emergent property (Stephan, 1998).

In unicellular Holozoa, there is evidence of a functional

premodule conserved throughout animal evolution that is

compatible with our proposal. Chromatin

immunoprecipitation sequencing analyses in protists showed

Brachyury regulating promoters of actin polymerization and

cell motility/amoeboid movement, representing anticipation of

functions seen in metazoan gastrulation (Sebé-Pedrós et al.,

2016a). Similar conservation was observed in Myc target

networks regulating ribosome biogenesis in unicellular

Holozoa. A comparison was made between Brachyury targets

identified in the life cycle of Capsaspora owczarzaki (Sebé-Pedrós

et al., 2016a) and Brachyury’s known targets in activin A-treated

mouse stem cells (Lolas et al., 2014), which serve as an in vitro

model of primitive streak formation. Of note, this comparison

did not account for physical characteristics and morphogenetic

deformations not initially present in the cell culture.

Nevertheless, examination of isolated cells revealed a

functional module already present in unicellular Holozoa,

suggesting the existence of a Brachyury downstream target

network involved in cell migration in premetazoan lineages

or, in the case of the Myc target network, involved in

ribosome biogenesis, which was conserved during evolution.

Some factors co-opted into the NFM had different functions

throughout evolution, such as the Hippo pathway, which

regulates actin cytoskeleton dynamics in C. owczarzaki and

participates in cell proliferation in metazoans (Phillips et al.,

2021). In metazoans, Myc was co-opted to control cell growth

and proliferation, among other functions. It is believed that

chromatin remodeling is an essential part of the mechanism

by which Myc activates or represses its target genes, placing this

important regulator at the center of tumorigenesis (Van Riggelen

et al., 2010). Based on these observations, we speculate that, at the

beginning of animal evolution, there was a remodeling of the

activities that formed the NFM.

A functional premodule has also been observed in

ichthyosporeans. In the cellularization stage, Sphaeroforma

arctica shows temporal co-expression of proteins associated

with the actin cytoskeleton and cell adhesion molecules, such

as the integrin receptor and α- and β-catenins (the latter of which
is known to participate in cell adhesion together with cadherins).

Actomyosin contraction and mechanical strength were also

found to play an important role during this stage of transient

multicellularity (Dudin et al., 2019). This would represent, in

unicellular Holozoa, an anticipation of the role of Physics in the

formation of the metazoan embryo. To gain a better insight of the

physical aspects of the functional module, it is important to

compare the cellularization stage of ichthyosporeans with

embryos in epiboly and the contractile ring of zebrafish. Such

an investigation is deemed necessary because Brachyury is

controlled by β-catenin-dependent external mechanical strain,

as reported in Nematostella vectensis (Pukhlyakova et al., 2018).

Thus, actin is a Brachyury target (Sebé-Pedrós et al., 2016a), but

Brachyury responds to a biophysical property that acts on the

actin cytoskeleton, creating something of an epigenetic loop with

a clearly biophysical component. The properties of the actin

cytoskeleton, such as contractility, intercellular contractile ring

(Behrndt et al., 2012; Hernández-Vega et al., 2017), electrical

birefringence (Kobayashi et al., 1964), ion wave propagation

along microfilaments (Tuszyński et al., 2004), and regulation

of genome organization (Uhler and Shivashankar, 2017b), are

evolutionary spandrels (Gould, 1997) that are not encoded in the

genetic material and for which there are no known cis-regulatory

elements targeted by transcription factors. Therefore, Physics is

assumed to have participated in NFM formation, translating

morphogenesis into the cell nucleus and, as we will discuss later,

establishing a mechanical memory used to reconstruct the

process in the following generation, thereby constituting this

emergent property we call the animal embryo.

Another characteristic of the NFM is that it links processes

with a high degree of duality. For example, as previously

mentioned, molecular pathways involving Myc, Src, Ras, and

Abl orthologs were recruited in unicellular Holozoa (Suga et al.,

2014; Sebé-Pedrós et al., 2016b) and probably induced high

rates of cell proliferation and expansion. There is also strong

evidence supporting the appearance of many cancer genes

during the early phases of the emergence of metazoans

(Domazet-Lošo and Tautz, 2010; Chen et al., 2015),

prompting the belief that the predominant phenomenon at

the beginning of animal life would be a neoplastic expansive

force. However, there was also the recruitment of molecular

pathways involving tumor suppressors, such as p53 family

members (p63-like domain) (Rutkowski et al., 2010),

retinoblastoma protein (pRb) (Bartas et al., 2019), and

Hippo (Sebé-Pedrós et al., 2016b), acting in conjunction as a

brake or barrier to the neoplasm.

At this point, it becomes necessary to clarify that the NP, as it

is approached in this article, does not involve any genetic

mutation. Somatic mutation is a concept deeply ingrained in

oncology and entwined in the molecular foundations of cancer

(Weinberg, 1983; Hanahan and Weinberg, 2000). A classic

example of somatic mutations, as well as of their pivotal role

in oncogenesis, is found in Ras mutations, present in 19% of

cancer patients (Prior et al., 2020). It is also worth mentioning the

relevant and well-recognized role of the non-mutated protein

(wild-type Ras) in promoting exponential growth in cancer cell

models (T24, MIA PaCa-2, and RD cell lines), whose effects

within the cell are non-redundant and independent from those of

mutated Ras isoforms (Young et al., 2013). Interestingly, even in

the absence of Ras mutants, activation of wild-type Ras can lead

to cancer if some of its negative regulators are lost, such as Nf1,

Gap, and Spry proteins (Zhou et al., 2016). Thus, modulating the

oncogenic activity of non-mutated Ras is among the challenges
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and future strategies for cancer treatment (Sheffels and Kortum,

2021).

Something similar is observed with Src (Frame, 2002) and

Abl (Greuber et al., 2013; Luttman et al., 2021). For both

proteins, it is an increase in expression or catalytic activity,

rather than a mutation, that influences cell growth, adhesion

strength, and even metastasis. Therefore, Src or Abl

dysregulation in cancer cells may increase tumor growth

(Frame, 2002) and/or enhance migratory or invasive

potential (Greuber et al., 2013). In solid tumors, activated

Abl kinases promote invadopodium formation, invasion, and

cellular processes implicated in EMT and metastasis (Luttman

et al., 2021). By contrast, under physiological conditions, Abl

kinases are surprisingly recognized to participate in the

orchestration of epithelial morphogenesis, cell migration, and

cytoskeleton rearrangement (Bradley and Koleske, 2009). These

observations demonstrate the modular characteristic of the

proposed NP, whereby recruited components are always

simultaneously involved with proliferation, adhesion, and

invasion, and therefore participate strictly in cellular

processes, unlike mutated genes. Cancer as a disease

emerged temporally after, and as a consequence of, NP

participation in the formation of the first embryo. Or, in

other words, some genetic mutations are a consequence of

cancer, not its origin.

Another facet of the duality of co-opted processes is denoted

by the recruitment of developmental pathways associated with

disintegrating amoeboid movements resembling “metastasis,” as

seen in the life cycles of unicellular Holozoa (Sebé-Pedrós et al.,

2013; Suga and Ruiz-Trillo, 2015). When co-opted together with

cadherins and the integrin adhesome (Hehenberger et al., 2017),

which oppose these disintegrating and disruptive growth forces,

such pathways would act as a counterbalance, limiting the

disorganization of the first embryonic tissues. Thus, the first

animal embryo was formed by exaptations within the NFM, with

embryo cells “learning” to grow and move together.

The first exaptation occurred in proliferation pathways

linked to structural elements such as cadherins. This allowed

cells to remain together and provided the conditions for

appropriate, controlled growth. Force generation by

actomyosin networks and force transmission along adhesion

complexes are two self-organized phenomena that drive tissue

morphogenesis; therefore, it can be said that mechanical forces

locally regulate cell shape (Heisenberg and Bellaïche, 2013).

Cell–cell interactions, such as adhesion, tend to increase the

cell–cell contact surface by modulating surface tension (Maître

et al., 2012). Evidence suggests that the flattening of simple

epithelia, such as those that undergo epiboly during

embryonic development, is regulated by cell proliferation at a

different orientation, which in turn is modulated by geometric

constraints produced by mechanical coupling of cells (Xiong

et al., 2014). By drawing on these findings, it is possible to

imagine, in the context of cells with intrinsic disaggregating

potentials growing together, the occurrence of the first

collective migratory movements, such as epiboly.

Secondarily and at a later point in time, the extracellular

matrix (ECM) and all components necessary for its remodeling

were rapidly developed. These structures were co-opted into the

NFM in a process that also comprised exaptation (Gould and

Vrba, 1982), necessary for morphogenetic movements and the

formation of important tissue structures in the embryo. Our

hypothesis is supported by the well-known spatial-temporal

pattern of ECM assembly, an event coinciding with the

initiation of morphogenetic movements. In amphibians, for

example, the beginning of fibronectin fibril assembly, in the

roof of the blastocele, precedes mesoendodermal migration

(Lee et al., 1984; Nakatsuji et al., 1985; Winklbauer, 1998),

and further remodeling is needed for the migration process to

occur (Davidson et al., 2004; Rozario et al., 2009). In Danio rerio,

whose epiboly is much more similar to that of ctenophores

(Bruce and Heisenberg, 2020), the formation of a fibronectin

and laminin matrix begins at about 65% epiboly, and fibril

formation (fibrillogenesis) commences at 85% epiboly,

coinciding with the beginning of convergent extension

movements (Latimer and Jessen, 2010). Thus, ECM formation

and reshaping are extremely dynamic processes, both spatially

and temporally (Rozario and DeSimone, 2010; Walma and

Yamada, 2020). This exaptation resulted in the emergence of

the collective cell movements (Friedl and Gilmour, 2009) of

convergent extension, invagination, and EMT, taking place in a

controlled manner for the construction of the animal’s body.

In other words, after NFM recruitment, two exaptations were

required to achieve the necessary balance for maintaining animal

organization and not falling into a pattern of unbridled growth or

dispersion by amoeboid movements (“metastasis”). The success

in controlling this neoplastic force of growth and expansive

migration resulted, within the NFM, in the emergence of a

higher-level property known as the animal embryo. When

equilibrium is reached, there arises, implicitly and masked by

embryonic organization, the disease we call cancer. For those

who love evolution, cancer represents the unveiling of cellular

processes involved in our evolutionary origin, for in it we can

perceive the strength of Neoplasia as well as the intense efforts for

its containment, generating the emergent properties of the

embryo. Embryo and cancer are therefore two sides of the

same coin, of the same process. And Neoplasia can be

regarded as the evolutionary force at the heart of animal

evolution—one that we need to clearly distinguish from a

disease. Neoplasia is a free force, and cancer a force contained

by animal organization.

If we accept the premises of NP as an evolutionary engine

imbued with the essence of animal formation, we can explain the

rapid evolution of metazoan forms, the extraordinary

chromosomal rearrangement leading to the formation of

laminin IV, Wnt, Fgf8, and Notch at the beginning of animal

life. We will be able to explain the numerous rearrangements of
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mitochondrial DNA that took place in the first invertebrates and

are detected in cancer patients. We will also be able to resolve the

two strong emergence peaks of cancer-related protein domains,

the first at the origin of the first cell and the other at the time of

appearance of metazoan multicellular organisms (Domazet-Lošo

and Tautz, 2010). Finally, the recognition of cancer as part of the

essence of animal life would explain why the immune system

cannot efficiently react to the disease. Given that immune cells

intrinsically distinguish what is proper and inherent to animal

constitution, there would be no tricks of cancer cells to escape the

immune system (Galassi et al., 2021; Jalalvand et al., 2021), but

rather a continuous acceptance and collaboration to allow the

existence of the animal itself and the coherence of the immune

system.

When we fertilize an animal oocyte, we can feel the dizzying

force of Neoplasia in its incessant drive for growth and organized

EMT. If we release the bonds that maintain cells together in

equilibrium, we can feel the maelstrom of what we call Neoplasia

in its most traditional form, characterized as the cancer disease.

In our view, G. Barry Pierce brilliantly expounded how much

Embryology is involved in cancer, noting that a teratocarcinoma

is able to differentiate and evolve into a benign form (Pierce et al.,

1959). This was against the grain of what everyone wanted to

believe, that cancer cells cannot differentiate:

“I believe that the ultimate cure for cancer will be through the

re-regulation of malignant stem cells to benign stem cells

using the principles of embryonic induction and the growth

factor action that occurs at the time of organogenesis."

(Arechaga, 2003)

This is a simple and brilliant way to realize that a force said to

be malignant can contribute to a balanced organization coherent

with the maintenance of tissue organization. Basically, we are

talking about Neoplasia and how this force, when properly

conducted, might have originated the most wonderful

diversity of biological forms seen in metazoans.

Conditions for the emergence of the first
animal embryo

The formation of the first embryo required five fundamental

conditions: i) induction of embryogenesis by fusion of

phenotypically different cells (later co-opted as fertilization by

flagellated gametes), ii) the possibility of reconstructing the

process coherently and systematically over evolutionary time,

iii) emergence along with Neoplasia from the initial cellular

structure (polyploid multinucleate syncytial zygote) through

co-option of developmental pathways present in unicellular

Holozoa, iv) coupling of cellular systems to break Neoplasia

so as to achieve the structural coherence intrinsic to embryo

morphogenesis and organogenesis, and v) environmental,

epigenetic, and physical conditions present in the Ediacaran

ocean. Each of these five conditions are intertwined with

biophysical phenomena, inherent and fundamental to the

emergence of animal life.

The first condition: Cell fusion in unicellular
holozoa

In basal metazoans, embryos only form from oocytes

fertilized with spermatozoa. This is a clear manifestation of

the link between embryonic formation and sexual

differentiation of gametes. This is important to emphasize,

given that we are discussing a cellular biological system, that

is, zygotes produced by cell fusion, and not simply a genetic

system. Parthenogenesis, on the other hand, is an embryological

process acquired a little later in animal evolution (Simon et al.,

2003; Jarne and Auld, 2006) and based on some ecological

requirements (Cuellar, 1977).

It is crucial to search for conditions for the occurrence of

meiosis among protists. A vast number of protists are known to

undergo sexual reproduction (Grell, 1973; Heywood and Magee,

1976; Raikov, 1995). Meiosis and/or fertilization have been

described in the lobose testate amoeba Arcella, the filose

naked vampyrellid amoeba Lateromyxa gallica, chrysophytes,

prymnesiophytes, xanthophytes, dinoflagellates,

trypanosomatids, piroplasmids, microsporidia, Myxosporidia,

and Actinomyxidia, as amply described by Raikov in 1995

(Raikov, 1995). Furthermore, a cryptic sexual cycle and a

meiosis-like recombination was inferred in Leishmania from

population genetic studies and by laboratory crosses (Inbar

et al., 2019; Louradour et al., 2022). Of the groups closest to

animals, the choanoflagellate Monosiga brevicollis has meiotic

genes (Carr et al., 2010) and the choanoflagellate Salpingoeca

rosetta has sexual reproduction with meiotic recombination

(Levin and King, 2013). The taxonomic names of higher

protists are those adopted by Margulis et al. (1989) and

thoroughly reviewed by Adl et al. (2019).

Raikov classifies sexual protists into three categories: i)

haplonts that undergo zygotic meiosis (Figure 2A), ii) diplonts

with gametic meiosis, and iii) heterophasic forms with

intermediate meiosis. Zygotic meiosis occurs during the first

divisions of the zygote, and only the zygote, which is often

encysted, is diploid. The vegetative stages are haploid and

produce (or become) gametes without meiosis. Gametic

meiosis occurs during gamete formation; vegetative cells are

diploid and only gametes are haploid. Forms with

intermediate meiosis show alternation of two generations, a

haploid that produces gametes and ends with fertilization

(karyogamy) and a diploid that ends with meiosis, restoring

haploidy. Both generations are represented by vegetative forms

(Raikov, 1995). In any case, meiosis linked to karyogamy occurs

in most groups of protists, having been deeply studied. These

observations support the hypothesis that sexuality is a basic

characteristic of all protists and has been reduced in some
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specialized groups (Grell, 1973). In most taxa, meiosis falls into a

standard basic type, with pre-meiotic DNA synthesis, initial

parallel chromosome pairing, crossing over (which is

sometimes lost secondarily, as in achiasmatic meiosis), and

synaptonemal complex formation (Grell, 1973; Raikov, 1995).

The meiosis genes Spo11 and Hop1 are present in all major

lineages of protists (Weedall and Hall, 2015), having been

detected in Apicomplexa (Malik et al., 2008), Euglenozoa

(Malik et al., 2008), Fornicata (Ramesh et al., 2005),

Parabasalia (Malik et al., 2008), and Amoebozoa (Ehrenkaufer

et al., 2013). On the other hand, the presence of meiosis genes

does not necessarily prove that a species is sexual; orthologs may

have more than one function or may adapt to perform new

functions in asexual species and thus be maintained, even in the

absence of sex (Schurko and Logsdon, 2008). Nevertheless,

association of genes with a given function is very recurrent in

molecular genetics based on neo-Darwinism, representing a very

ineffective thinking strategy for understanding biological

processes. It is worth remembering that Drosophila

melanogaster does not have many meiosis genes, and this has

not led developmental biologists to question the sexuality of

arthropods (Malik et al., 2008).

To support our hypothesis, it is important to search for an

association between meiosis and the formation of different cells

(anisogamy) in protists. A link would therefore be established

between the first animal zygote and differentiation of oocytes and

spermatozoa of the first metazoan embryo that would have been

hermaphrodite. Protists have extensive biological experience in

the formation of singular potentials that result in gametogenesis

(sperm and oocyte phenotypes) and, particularly, differentiation

of vegetative cells into gametes. Gametogenesis in

Chlamydomonas, for example, is a phenomenon that allows

the study of sexual differentiation in a single cell at the

molecular level. Such differentiation is easily controlled by

environmental signals, including lack of nitrogen and light

(Beck and Haring, 1996). Some anisogamous species, such as

Chlamydomonas suboogama, produce large immobile

macrogametes and small mobile microgametes (a clear case of

anisogamy) (Tschermak-Woess, 1959). Microgametes merge

with macrogametes.

Some other anisogametic genera of flagellated protists

include Eudorina and Volvox, which are either dioecious or

monoecious. In monoecious species, each individual colony is

either female or male, whereas, in dioecious species, a clone

produces either female or male colonies (Tarín and Cano, 2000).

Another example of anisogamy can be found in the Apicomplexa

group. Infectious sporozoites invade host cells and then produce

large and small gamonts. Large macrogamonts turn into

macrogametes, and small gamonts undergo fissions, resulting

in many small microgametes. Fertilization occurs by penetration

of the microgamete into the macrogamete (Tarín and Cano,

2000). Among unicellular holozoans, Salpingoeca rosetta is the

only species known to have a sexual life cycle, transitions between

haploid and diploid states, and anisogamous mating, during

which small flagellated cells fuse with larger flagellated cells

(Levin and King, 2013).

Although there are currently no studies on the sexual

reproduction of some groups of unicellular holozoans, such as

Ichthyosporea, Filasterea, and Pluriformea, we believe that they

have some cellular characteristics and that their life cycles are of

FIGURE 2
Zygotic meiosis and its modifications in sexual reproduction. (A) The zygote divides by meiosis to produce a vegetative cell. (B) Gamonts are
produced by mitosis of vegetative cells. (C) A coenocytic-like division can produce two haploid nuclei that, by autogamy, produce a zygote. In this
case, themodification lies in the omission of cell division (also known as endomitosis). Autogamy and fertilization can produce a zygote. (D) A further
simplification (which can scarcely still be considered “normal”) consists in the total omission of nuclear division. What remains is the
reduplication of chromosomes without spindle formation, characterizing a case of endomitosis. Endomitosis allows the formation of a diploid cell.
(E) Through (reverse) endomitosis, it is also possible to reduce polyploidy. Figure adapted from Grell (1973).
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extreme relevance in the context of our hypothesis. The

amoeboid forms of Corallochytrium limacisporum, Creolimax

fragrantissima, Sphaeroforma arctica, Capsaspora owczarzaki,

Ministeria vibrans, and Syssomonas multiformis are of interest

for the development of the hypothesis on the formation of the

first embryo (Mendoza et al., 2002; Paps and Ruiz-Trillo, 2010;

Sebé-Pedrós et al., 2013; Suga and Ruiz-Trillo, 2015;

Hehenberger et al., 2017). Also of interest to our proposal are

the flagellated forms of Rhinosporidium seeberi, Dermocystidium

sp., Dermocystidium salmonis, Dermocystidium percae,

Sphaerothecum destruens, M. vibrans, Pigoraptor vietnamica,

and Pigoraptor chileana (Mendoza et al., 2002; Marshall et al.,

2008; Torruella et al., 2012; Hehenberger et al., 2017; Mylnikov

et al., 2019), as well as the flagellated amoeboid form of S.

multiformis (Hehenberger et al., 2017). The extremely

complex life cycles of these groups are noteworthy, with

emphasis on the colonial forms of C. fragrantissima, S.

arctica, P. vietnamica, and P. chileana (Marshall et al., 2008;

Paps and Ruiz-Trillo, 2010; Hehenberger et al., 2017) and the

“syncytial” form of C. fragrantissima and S. arctica (Suga and

Ruiz-Trillo, 2015) (syncytium-like structure may be a more

appropriate term, given that it does not involve a fusion

process), all of which demonstrate a successful attempt of

unicellular organisms to remain together with a cellular

structure that has numerous genes associated with Neoplasia

(Domazet-Lošo and Tautz, 2010; Chen et al., 2015; Grau-Bové

et al., 2017; Bartas et al., 2019).

Fertilization is highly conserved in eukaryotes and animals

(Cavalier-Smith, 1978; Carvalho-Santos et al., 2011). We

understand that flagella were co-opted to gamete fusion and

therefore to the germline formation. Flagella are sensory

structures in protists (Marshall and Nonaka, 2006; Singla and

Reiter, 2006; Brunet and Arendt, 2016; Hilgendorf et al., 2016;

Smith et al., 2020). Some of their original characteristics were

conserved in metazoans, such as chemotaxis (Miller and Brokaw,

1970; Ward et al., 1985). For movement,M. vibrans does not use

flagella but rather microvilli (Mylnikov et al., 2019). As will be

discussed in a future article, multiflagellate fusion might have

been decisive in the evolution of metazoans. From the point of

view of our hypothesis, the recruitment of cilia/flagella to NFM

was crucial for animal evolution.

It is important to reflect on the reasons for excluding

choanoflagellates as the original group of metazoans. Our line

of reasoning is based on the contributions of Manuel Maldonado

(Maldonado, 2005), who attributed numerous reductions and

losses of this protist group and whose line of thought was

confirmed in a recent phylogenetic study that placed

choanoflagellates as the most distant group, outside the direct

line of metazoans (Arroyo et al., 2018). On the other hand,

reassessment of molecular and histological evidence

demonstrated that choanocytes are specialized cells that

develop from non-collared ciliated cells during sponge

embryogenesis, discarding choanocytes as primitive cells in

animal evolution (Maldonado, 2005). Thus, the connection of

choanoflagellates with metazoan emergence is a completely

unrealistic idea.

We also cannot disregard the important contribution of

Alexander Eresvkovski in expanding the knowledge about

sponges (Ereskovsky, 2010; Eresksluovsky et al., 2013). As co-

author of a recent publication, Eresvkovski described the

differences between the flagellar apparatus (or kinetid) of

sponges and that of choanoflagellates. According to the

authors, analysis of these structures was inexplicably neglected

(Pozdnyakov et al., 2017). The kinetid of choanocytes contains

more features considered plesiomorphic for opisthokonts than

the kinetid of choanoflagellates. Therefore, the hypothesis that

Porifera, and consequently all metazoans, originated directly

from unicellular choanoflagellates does not seem plausible

(Pozdnyakov et al., 2017).

Thus, according to our hypothesis and phylogenetic studies,

the unicellular holozoans Ichthyosporea, Filasterea, and

Pluriformea would be closer and in the direct line of

metazoans (Suga et al., 2013; Grau-Bové et al., 2017;

Hehenberger et al., 2017). Considering these groups brings an

innovative element that reinforces the idea of the link between

fungi and animals (Maldonado, 2005). We are aware that yet

undiscovered intermediate organisms could be in the direct line

of metazoans; however, our hypothesis was developed on the

basis of current data, and we await confirmation of meiosis

associated with anisogamy in other groups of unicellular

holozoans. In any case, we consider anisogamy as a condition

for the biological prototype that would come to contribute to the

establishment of the first animal embryo. Anisogamy is quite

primitive among protists (Tschermak-Woess, 1959; Tarín and

Cano, 2000) and was conserved in metazoans.

Finally, if we accept the premise of an NP at the heart of

animal embryogenesis, we can explain the rapid evolution of

forms of sex determination by contradicting one of the main

myths of animal evolution (that it is slow and gradual) (Bachtrog

et al., 2014). NP consolidation might have had effects at the

cellular level, including gene regulation, or might have provided

for broad genomic recombination, thereby explaining why,

sometimes, closely related species or populations of the same

species have different modes of sex determination (Charlesworth,

1996). On the other hand, the NP at the core of animal embryos

may help explain the mysterious preponderance of sexual

reproduction between species (the “sex paradox”), revealing

that sexually reproducing organisms always proliferate faster

(Chen and Wiens, 2021). As evidenced by the conditions for

the formation of the first embryo, the association of

multicellularity and sexual reproduction would make it

possible to explain the rapid evolutionary radiation (Chen and

Wiens, 2021). In our view, multicellularity and sexual

reproduction can only explain the rapid formation of

metazoans if strictly and intimately linked to the context of

animal embryogenesis.
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The second condition: The germline formation
Gametogenesis plays a unique role in gamete production and

has a great impact on the heredity of embryogenesis, whose goal

is the reconstruction of the embryo with each generation.

Because it is a process of rebuilding the structural coherence

of the embryo, it also plays a key role in evolution. Therefore,

understanding the mechanisms of germ cell specification is a

central challenge in developmental biology and evolution

research.

During animal embryogenesis, the germline is segregated

from somatic cells, but this dichotomy is not universal in animals.

Recent findings in ctenophores (Fierro-Constaín et al., 2017),

poriferans, and cnidarians suggest that the germline appears to

specify from a multipotent cell line during embryogenesis, whose

fates include somatic cells and the germline (Juliano and Wessel,

2010). Thus, the boundary between the germline and the Soma is

fluid and may have a broader significance for development than

initially predicted, being important, for instance, in active

regeneration processes (Edgar et al., 2021).

Another fundamental aspect is the exact moment of germline

segregation. In animals, it seems to occur along a continuum,

shortly after embryogenesis or at the very beginning of it, with the

possibility of intermediate points during embryogenesis (Seervai

andWessel, 2013). In all cases, germline segregation requires that

a population of cells be established in the embryo, whether

multipotent or not. Given that germline segregation from a

multipotent precursor occurs after embryogenesis in

ctenophores, poriferans, cnidarians, and even in

lophotrochozoans and echinoderms, it is inevitable to

conclude that this is truly an ancestral mechanism (Agata

et al., 2006; Juliano et al., 2010).

Late segregation after embryogenesis is completely expected

and necessary for the beginning of animal life, being one of the

conceptual bases of our hypothesis. The first embryo and its germ

cells must have first received the mechanical and physical stimuli

of embryogenesis to trigger germline segregation. Therefore, the

philosophical question should be, “What came first, the egg or the

beroid-like ctenophore?” The answer is unequivocal; the egg

came first, but with one caveat: only after it had been completely

impregnated by its surroundings and physical trajectory inside

the embryo. This first embryonic trajectory is fundamental: by

walking, the path is made (Machado, 2021). This rule is absolute

for the first embryo, which would come to establish a topological

map of physics in the genetic material (Uhler and Shivashankar,

2017a; Uhler and Shivashankar, 2017b; Uhler and Shivashankar,

2018; Tsai and Crocker, 2022).

Some clues of this physical map indicate a primitive

chromatin state after fertilization (Xia and Xie, 2020) that was

highly organized, structured (Kaaij et al., 2018), and conserved in

evolution (Hug et al., 2017; Kaaij et al., 2018). Such a state seems

to be important for the embryo to reach totipotency (Flyamer

et al., 2017). This organization occurs through topological

associating domains (TADs) and chromosomal loops present

in germ cells and animal zygotes (Flyamer et al., 2017; Collombet

et al., 2020). Such a process is compatible with the physical

impregnation of the embryo and its impact on germ cells.

Another clue from the physical map is the extensive

remodeling of chromatin after fertilization, which involves de

novo labeling/trimethylation of histone H3 at lysine 9

(H3K9me3) by the G9a/GLP complex. This labeling facilitates

subsequent establishment of a mature constitutive chromatin

(Burton et al., 2020). In other words, they seem to be “bookmark

promoters for future compaction” (Xia and Xie, 2020), thereby

“creating a less constrained epigenetic environment for

subsequent zygotic genome activation” (Wang C. et al., 2018).

Once heterochromatin is established, H3K9me3 plays an

important role in genome stability and cell differentiation

fidelity (Nicetto et al., 2019). We understand that this ability

of H3K9me3 to anticipate what comes next in embryonic

development (mechanical memory) is only possible because it

recreates the physical map of the germline after fertilization.

Finally, an important clue to the physical impact of

embryogenesis lies in the cohesins that mediate the formation

of chromosomal loops and TADs and are sensitive to mechanical

force (Kim et al., 2019). Polycomb repressive complex 2 (PRC2),

which interacts physically and functionally with G9a/GLP

(Mozzetta et al., 2014), participates in a mechanosensory

mechanism dependent on F-actin and the protein emerin (Le

et al., 2016).

There is clear evidence that TADs and, therefore, chromatin

architecture are deeply interrelated with gene regulation (Dixon

et al., 2012; Nora et al., 2012; Rao et al., 2014; Fraser et al., 2015;

Wang H. et al., 2018; Esposito et al., 2020; Belyaeva et al., 2022).

The idea that the genome may be represented, in part, as a series

of chromosomal blocks that can be opened or closed for

transcription under specific conditions (Hurst et al., 2004),

among them physical ones, seems to be a new, useful,

inspiring model. This is consistent with the notion that

hematopoietic stem cells have the potential to generate non-

hematopoietic tissues (Akashi et al., 2003) and with labor

division of yeast histone deacetylases in domains other than

the chromatin (Robyr et al., 2002). In mouse NIH 3T3 cells,

actomyosin contractility regulates the spatial distribution of

histone deacetylase-3 (Nikhil et al., 2013). Therefore, physical

forces can alter gene expression profiles and differentiation

programs (Tajik et al., 2016). Recent studies have shown that

chromosomal configurations are altered in response to changes

in nuclear mechanical properties following cues from the

mechanical microenvironment (Farid et al., 2019; Carthew

et al., 2021).

We speculate that mechanical changes (tension, substrate

stiffness, or geometric constraints) are fundamental for the

recruitment of what we call NFM (Figure 1). The module

undergoes some co-optations and exaptations throughout the

first animal embryogenesis, following the mechanical cues of

embryogenesis. With the formation of the first embryo and its
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germline, there will be possibilities in the next-generation to

modify the trajectory built in the first embryo; thus, innovations

of this topological map and NFM may arise at the beginning or

middle of embryogenesis, producing a promising monster

(Goldschmidt, 1982). Viruses (Breitbart et al., 2015),

symbionts (Margulis and Fester, 1991; Ohtsuka et al., 2009),

and physical or epigenetic disruptions can produce evolutionary

innovations. But, for this to happen, physical phenomena must

first have impregnated embryology.

One of the most fascinating current concepts is that of

mechanical memory. The biophysical regulation of chromatin

architecture produces stable remodeling and long-term changes

of cellular behavior instigated by mechanical signals (Balestrini

et al., 2012; Heo et al., 2015; Li et al., 2017). Mesenchymal stem

cells cultured for 3 weeks on a soft substrate produced a

persistent neural differentiation resistant to other stimuli

produced by cell differentiation factors (Engler et al., 2006).

Short-term mechanical memory is dependent on actomyosin

contractility. Long-term increases in deformation that

persistently affect chromatin condensation do not seem to

depend on actin contractility but on calcium ion (Heo et al.,

2015). This phenomenon should be analyzed with care, as actin

filaments gained reputation as bionanowires capable of

conducting calcium waves (Hunley and Marucho, 2022). An

important review study analyzed the different mechanisms

responsible for storing mechanical memory in the cell nucleus

(Dai et al., 2020), including loops stabilized by CCCTC-binding

factor (CTCF) or cohesins (Rao et al., 2014; Kim et al., 2019) and

the epigenome (Le et al., 2016), both of which are sensitive to

mechanical force (Le et al., 2016; Kim et al., 2019). In vivomodels

of mechanical memory have been little explored, being used only

in cancer research (Paszek et al., 2005; Northey et al., 2017). In

this context of cellular memory, the order of NFM expression

must apparently be determined by the 3D structure of the

nucleus (Wang H. et al., 2018), which in turn is influenced by

the 3D structure of the embryo.

In relation to germ cells, special emphasis should be given to

ctenophores of the order Beroida. The recognizable germ cells of

ctenophores are closely associated with the endoderm of the

meridional canals and always underlie the comb rows (Pianka,

1974). In beroids, gonadal tissues either form simple tracts in

proper meridional canals, extend into the lateral branches that

are characteristic of this order, or develop into separate sexual

diverticula external to lateral branches. Thus, the presence of a

multipotent cell line and a fluid relationship between Soma and

germline (Edgar et al., 2021) may be explained by organization or

physical construction of the embryo. Germ cells (established

within the gonads) pass on or receive directly or indirectly most

of the physical impacts and tension of the embryo (e.g., epiboly,

invagination, and EMT, among others, as will be discussed

below) (Figure 1). Luke Parry’s analysis provides insight about

a sensory network in the first beroid-like ctenophores (Parry

et al., 2021). The main highlights regard the nerve tracts of comb

rows and polar fields, showing a much more complex sensory

and nervous organization than that of living ctenophores (Parry

et al., 2021). This type of network can reflect on the physical,

mechanical (tensional actin networks), and electrical (nerve

impulses) organization of the embryo. The implications of

such a network may be depicted in the ability to regenerate.

Surprisingly, Beroe ovata lost nerve endings in comb rows as a

byproduct of evolution (Parry et al., 2021), thereby losing the

ability to regenerate (Edgar et al., 2021). Mechanical forces may

be morphogenic and organize how cells regenerate. There is

strong evidence that regeneration capacities are related to the

apical (sensory) organ, when present (Martindale, 2016). Mark

Martindale suggested that nervous system involvement may be

crucial for ctenophore regeneration and proposed experimental

manipulation to confirm or rule out neural involvement (Edgar

et al., 2021).

Although the so-called germline multipotency program is

conserved in ctenophores (Fierro-Constaín et al., 2017), which

involve, among other genes, vasa, piwi, and nanos, these genes

show little or no expression in germ cells or gametogenic regions

(Reitzel et al., 2016). Restricted expression in the apical organ and

tentacles of Mnemiopsis leidyi, which are areas of high cell

proliferation, suggests that these genes could be involved in

the specification and maintenance of stem cells (Reitzel et al.,

2016). Similarly, members of the gene family Dmrt, essential

components of sex determination and differentiation in bilateral

animals, were not expressed in adult gametogenic regions.

What becomes obvious from these analyses is that vasa,

nanos, and piwi genes do not participate in the establishment or

maintenance of the germline of animals. Ctenophores, for

example, produce haploid gametes and reproduce sexually;

thus, their germline has the same function as that of bilaterian

animals. That is, it is not this set of genes that determines

germline development and maintenance but rather the

appropriate cellular context in which the genes function. The

appropriate context for vasa, nanos, and piwi was established a

little later in animal evolution and thus co-opted by embryonic

germ cells for more specialized functions (Juliano and Wessel,

2010). The genes responsible for maintaining and establishing

the germline in ctenophores remain unknown, but evolution has

left some traces and clues of their origin.

Some evidence on the establishment of the germline in basal

metazoans emerged with the identification of a highly conserved

system in invertebrates and vertebrates related to the proteinMos

and its function in meiosis (Amiel et al., 2009). Mos, curiously a

protooncogene, would prevent meiotic/mitotic conversion

(meiotic to mitotic conversion) after meiosis I, directing cells

to meiosis II and ensuring ploidy reduction (Tachibana et al.,

2000), thereby preventing undesirable DNA replication or

parthenogenetic activation prior to fertilization (Furuno et al.,

1994; Tachibana et al., 2000; Amiel et al., 2009). Mos participates

in induction of oocyte maturation (Freeman et al., 1990) and

migration of the meiotic spindle (Verlhac et al., 2000). These
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functions are crucial for two very unique moments of

embryogenesis: i) fertilization (ensuring ploidy reduction

before the onset of embryogenesis) and ii) separation of the

germline from the somatic lineage, when meiosis begins (soma-

to-germline transition). This leads us to speculate on the role of

Mos, or a similar protein, in establishing the germline in the first

embryo. Unfortunately, Mos has not yet been studied in the cell

cycle or meiosis of ctenophores but was characterized in a

genomic analysis of Pleurobrachia pileus (Amiel et al., 2009).

Cytoplasmic tyrosine kinases (among themMos/MAPK) seem to

have been established before divergence of Metazoa (Suga et al.,

2012).

The protein Mos serves to remind us that meiosis evolved

from mitosis and that it could also alleviate the polyploidy

instability (Cleveland, 1947) (Figure 2E). In fact, endomitosis

is a form of meiosis but without karyogamy (Raikov, 1995). In the

flagellated protists Trichonympha and Barbulanympha

(Cleveland, 1947) and the radiolarian Aulacantha scolymantha

(Grell and Ruthmann, 1964), there is evidence of a prototype of

chromosomal pairing in endomitosis (Figure 2D). As reported by

Lemuel Cleveland, polyploidy in Barbulanympha is invariably

reduced by meiosis (Figure 2E), and it is neither preceded nor

followed by any type of syngamy (Cleveland, 1947). It is also

recognized that, for endomitosis to occur, chromosome

condensation and telomere duplication are important, which

clearly distinguishes it from polyteny (Erenpreisa et al., 2005). It

has already been hypothesized that Mos would be part of the

molecular basis for somatic reduction and a return to the mitotic

cycle of endopolyploid tumor cells (Erenpreisa et al., 2005). This

proposal by Jekaterina Erenpreisa and Mark Cragg is consistent

with results in two-cell embryos from Clytia hemisphaerica, in

which “lower concentrations of Mos RNA caused cleavage arrest

with multiple nuclei or spindles within a common cytoplasm,”

demonstrating the occurrence of Mos-mediated endomitosis in

Cnidaria (Amiel et al., 2009), consistent with coenocytic division

carried out by our closest relatives, ichthyosporeans (Ros-Rocher

et al., 2021) (Figure 2C). Also, the blockade of Mos in oocytes

produces a “parthenogenetic development with complete

cleavages” but the presence of “multiple asters and spindle

poles during mitotic cycling,” further corroborating the

presence of endomitosis in Asterina pectinifera (starfish)

(Tachibana et al., 2000). The multiple asters and spindle poles

are also present in the megakaryocyte endomitosis and possibly

arise due to alterations in the regulation of mitotic exit (Vitrat

et al., 1998), known to be controlled by Mos. In our NFMmodel,

we speculate the control of three types of division (mitosis,

meiosis, and endomitosis) and the recruitment of Mos (or a

similar protein) would have been essential for germline

emergence and incorporation of polyploidy in animal

embryogenesis. As will be discussed in another article, the

control of these types of cell division, including the two types

of meiosis (meiosis and endomitosis), was fundamental to the

success of the multicellular embryo.

According to our proposal, for the embryo to achieve

reconstruction and structural coherence in following

generations, it must necessarily incorporate NP (through

NFM) into the cellular context of germ cell formation. In

other words, the germline is closely linked to NP, because it is

at the heart of animal formation. Therefore, germline and NP are

impossible to separate in the context of metazoans. We may even

predict that germline gene expression will manifest in the context

of somatic cancers and that germline cancers may tend to

produce arrangements that can be “interpreted as attempts at

organization” (Pierce, 1967).

Consistent with our proposal, several studies on D.

melanogaster (Janic et al., 2010), mice (Ma et al., 2012), and

humans (Koslowski et al., 2004; Rosa et al., 2012; Rousseaux et al.,

2013) revealed that tumors acquire a state very similar to that of

the germline, indicating that tumorigenesis in metazoans

involves a soma-to-germline transition, possibly contributing

to the acquisition of neoplastic characteristics (Wang et al.,

2011; Feichtinger et al., 2014). It is important to remember

that the boundary between Soma and germline is fluid (Edgar

et al., 2021) and associated with a neoplastic force for embryo

construction. It was demonstrated that germline gene expression

has the potential to be oncogenic in D. melanogaster (Janic et al.,

2010) and is associated with more clinically aggressive tumors in

humans (Rousseaux et al., 2013). Inactivation of some germline

genes results in suppression of tumorigenesis, indicating that

they play an essential role in tumor development (Janic et al.,

2010). Finally, the soma–germline transition was also observed in

Caenorhabditis elegans, suggesting a conserved functional

relationship between tumorigenesis and germline gene

expression in metazoans (Unhavaithaya et al., 2002; Wang

et al., 2005). Such relationships are sensible in the context of

our proposal of NP as an evolutionary engine.

Also consistent with our hypothesis is that, in germline

cancers, two different forces oppose each other: a force of

embryonic organization and differentiation contained in the

germ cell structure (neoplastic process) and a disruptive force

of cancer (disease). In this regard, the works of G. Barry Pierce are

very inspiring. The author demonstrated that, in a small area of

testicular teratocarcinoma, the mesenchyme and endoderm are

often organized in patterns that resemble early stages of

embryogenesis, having been called embryoid bodies (Dixon

and Moore, 1953; Pierce et al., 1959; Pierce, 1967). In the

works of Winston Evans, some embryoids “closely mimic the

form of normal early human embryos” (Evans, 1957). A

conceptual basis for the developmental model of cancer was

well documented in Pierce’s works; thus, the dogmas that

neoplastic forces are stable and irreversible were broken. It

was hypothesized that cancer is controlled by intrinsic

mechanisms of the embryo (embryonic induction) (Pierce,

1967; Pierce, 1983; Arechaga, 2003). In the context of this

article, we extend the concept to propose that the embryo and

cancer are the result of an equilibrium achieved within the NFM

Frontiers in Cell and Developmental Biology frontiersin.org11

Cofre and Saalfeld 10.3389/fcell.2022.1067248

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1067248


during embryogenesis and at the beginning of the evolution of

metazoans.

Embryogenesis records will be restricted to a cellular set that

incorporates NFM and can later reproduce and restart in a

coherent and systematic way the construction of a new

animal, with the same structural form as the reproduced one.

This is a central aspect that clearly separates any multicellular

organization from a true animal embryo.

Concluding remarks and perspectives

In this first article, we established that the emergence of

multicellularity only makes sense if we explain the formation of

the first embryo. We also begin to show the theoretical basis that

supports the close link between embryogenesis and NP. One of

the central aspects of this paper is to begin to link the impact of

Physics and environmental conditions responsible for the

formation of the first embryo. Post-fertilization analyses point

to a highly organized genomic structure with TADs and loops

(Flyamer et al., 2017; Hug et al., 2017; Kaaij et al., 2018;

Collombet et al., 2020; Nakamura et al., 2021), but without

compartments (Chen et al., 2019; Collombet et al., 2020), an

organization that is concordant with an NFM present in the

germline and active early in embryogenesis. Some of the most

interesting aspects clarified in the last decade were that the 3D

organization of the cell nucleus affects gene regulation (Zuin

et al., 2014; Varun et al., 2015; Zheng and Xie, 2019; Rhodes et al.,

2020) and that the formation of loops and TADs by cohesins is

influenced by physical forces (Kim et al., 2019). Application of a

force of 800 pN on cohesins I prevented the formation of

chromosomal loops. G9a/GLP and PRC2 are the largest

epigenetic silencing complexes, which methylate histone H3 at

lysines 9 and 27, respectively (H3K9 andH3K27) (Mozzetta et al.,

2014), forming part of a mechanosensory mechanism (Le et al.,

2016). That is, it is impossible to disconnect the nuclear structure

from the physical context, ECM, and physical interactions of the

tissue.

The main challenges are to study chromosomal

rearrangement on a large scale during embryogenesis,

considering physical phenomena and how the nucleus is

interconnected to a network of cellular and tissue

cytoskeleton. The removal of pro-nuclei from a zygote, by

suction with a micropipette or dissociation of blastomeres

from an embryo, may alter the 3D nuclear morphology.

Therefore, models must be adjusted to understand how

chromosomal organization is influenced by mechanical and

electrical phenomena considering the entire embryo.

Alternatives to CRISPR genome organization (Wang H. et al.,

2018) and mathematical modeling at the embryonic level

(Belyaeva et al., 2022) begin to take on importance for the

analysis of how biophysics modulates animal architecture in

ontogeny and phylogeny.

Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and

accession number(s) can be found below: https://doi.org/10.

48550/arXiv.2209.00002.

Author contributions

JC conceived of the Hypothesis and drafted the manuscript.

KS participated including a evolutionary perspective. All authors

have read and approved the final manuscript.

Funding

The authors received no financial support for the research,

authorship, and/or publication of this article.

Acknowledgments

We thank Dr. Jose Bastos, pathologist and oncologist, for his

permanent contribution to our cancer research projects. The

authors offer apologies to all researchers who were not

mentioned in the article, given the need to establish priorities

in the article’s construction.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Frontiers in Cell and Developmental Biology frontiersin.org12

Cofre and Saalfeld 10.3389/fcell.2022.1067248

https://doi.org/10.48550/arXiv.2209.00002
https://doi.org/10.48550/arXiv.2209.00002
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1067248


References

Adl, S. M., Bass, D., Lane, C. E., Lukes, J., Schoch, C. L., Smirnov, A., et al. (2019).
Revisions to the classification, nomenclature, and diversity of eukaryotes.
J. Eukaryot. Microbiol. 66 (1), 4–119. doi:10.1111/jeu.12691

Agata, K., Nakajima, E., Funayama, N., Shibata, N., Saito, Y., and Umesono, Y.
(2006). Two different evolutionary origins of stem cell systems and their molecular
basis. Seminars Cell. & Dev. Biol. 17 (4), 503–509. doi:10.1016/j.semcdb.2006.05.004

Aguilar-Cuenca, R., Juanes-García, A., and Vicente-Manzanares, M. (2014).
Myosin II in mechanotransduction: Master and commander of cell migration,
morphogenesis, and cancer. Cell. Mol. Life Sci. 71 (3), 479–492. doi:10.1007/s00018-
013-1439-5

Akashi, K., He, X., Chen, J., Iwasaki, H., Niu, C., Steenhard, B., et al. (2003).
Transcriptional accessibility for genes of multiple tissues and hematopoietic
lineages is hierarchically controlled during early hematopoiesis. Blood 101 (2),
383–389. doi:10.1182/blood-2002-06-1780

Amiel, A., Leclere, L., Robert, L., Chevalier, S., and Houliston, E. (2009).
Conserved functions for mos in eumetazoan oocyte maturation revealed by
studies in a Cnidarian. Curr. Biol. 19 (4), 305–311. doi:10.1016/j.cub.2008.12.054

Andriani, P., and Carignani, G. (2014). Modular exaptation: A missing link in the
synthesis of artificial form. Res. Policy 43 (9), 1608–1620. doi:10.1016/j.respol.2014.
04.009

Arechaga, J. (2003). On the boundary between development and neoplasia. An
interview with Professor G. Barry Pierce. Int. J. Dev. Biol. 37 (1), 5–16.

Arroyo, A. S., Lopez-Escardo, D., Kim, E., Ruiz-Trillo, I., and Najle, S. R. (2018).
Novel diversity of deeply branching holomycota and unicellular holozoans revealed
by metabarcoding in middle paraná river, Argentina. Front. Ecol. Evol. 6 (JUL), 99.
doi:10.3389/fevo.2018.00099

Bachtrog, D., Mank, J. E., Peichel, C. L., Kirkpatrick, M., Otto, S. P., Ashman, T. L.,
et al. (2014). Sex determination: Why so many ways of doing it? PLoS Biol. 12 (7),
10018999. doi:10.1371/journal.pbio.1001899

Balestrini, J. L., Chaudhry, S., Sarrazy, V., Koehler, A., and Hinz, B. (2012). The
mechanical memory of lung myofibroblasts. Integr. Biol. 4 (4), 410–421. doi:10.
1039/c2ib00149g

Bartas, M., Brazda, V., Cerven, J., and Pecinka, P. (2019). Characterization of
p53 family homologs in evolutionary remote branches of Holozoa. Int. J. Mol. Sci.
21 (1), 6. doi:10.3390/ijms21010006

Beck, C. F., and Haring, M. A. (1996). “Gametic differentiation of
Chlamydomonas,” in International review of cytology (London: Academic Press),
259–302. doi:10.1016/S0074-7696(08)60886-4

Behrndt, M., Salbreux, G., Campinho, P., Hauschild, R., Oswald, F., Roensch, J.,
et al. (2012). Forces driving epithelial spreading in zebrafish gastrulation. Science
338 (6104), 257–260. doi:10.1126/science.1224143

Belyaeva, A., Kubjas, K., Sun, L. J., and Uhler, C. (2022). Identifying 3D genome
organization in diploid organisms via euclidean distance geometry. SIAM J. Math.
Data Sci. 4 (1), 204–228. doi:10.1137/21M1390372

Bradley, W. D., and Koleske, A. J. (2009). Regulation of cell migration and
morphogenesis by abl-family kinases: Emerging mechanisms and physiological
contexts. J. Cell. Sci. 122 (19), 3441–3454. doi:10.1242/jcs.039859

Breitbart, M., Benner, B. E., Jernigan, P. E., Rosario, K., Birsa, L. M., Harbeitner, R.
C., et al. (2015). Discovery, prevalence, and persistence of novel circular single-
stranded DNA viruses in the ctenophoresMnemiopsis leidyi and Beroe ovata. Front.
Microbiol. 6, 1427. doi:10.3389/fmicb.2015.01427

Bruce, A. E. E., and Heisenberg, C.-P. (2020). “Mechanisms of zebrafish epiboly:
A current view,” inGastrulation: From embryonic pattern to form. Editor L. Solnica-
Krezel (Cambridge, Massachusetts, United States: Academic Press), 319–341.
doi:10.1016/bs.ctdb.2019.07.001

Brunet, T., and Arendt, D. (2016). From damage response to action
potentials: Early evolution of neural and contractile modules in stem
eukaryotes. Philosophical Trans. R. Soc. B Biol. Sci. 371 (1685), 20150043.
doi:10.1098/rstb.2015.0043

Burton, A., Brochard, V., Galan, C., Ruiz-Morales, E. R., Rovira, Q., Rodriguez-
Terrones, D., et al. (2020). Heterochromatin establishment during early
mammalian development is regulated by pericentromeric RNA and
characterized by non-repressive H3K9me3. Nat. Cell. Biol. 22 (7), 767–778.
doi:10.1038/s41556-020-0536-6

Carr, M., Leadbeater, B. S. C., and Baldauf, S. L. (2010). Conserved meiotic genes
point to sex in the choanoflagellates. J. Eukaryot. Microbiol. 57 (1), 56–62. doi:10.
1111/j.1550-7408.2009.00450.x

Carthew, J., Abdelmaksoud, H. H., Hodgson-Garms, M., Aslanoglou, S.,
Ghavamian, S., Elnathan, R., et al. (2021). Precision surface microtopography

regulates cell fate via changes to actomyosin contractility and nuclear
architecture. Adv. Sci. 8 (6), 2003186. John Wiley & Sons, Ltd. doi:10.1002/advs.
202003186

Carvalho-Santos, Z., Azimzadeh, J., Pereira-Leal, J. B., and Bettencourt-Dias, M.
(2011). Tracing the origins of centrioles, cilia, and flagella. J. Cell. Biol. 194 (2),
165–175. doi:10.1083/jcb.201011152

Cavalier-Smith, T. (1978). The evolutionary origin and phylogeny of
microtubules, mitotic spindles and eukaryote flagella. Biosystems 10 (1–2),
93–114. doi:10.1016/0303-2647(78)90033-3

Charlesworth, B. (1996). The evolution of chromosomal sex determination and
dosage compensation. Curr. Biol. 6 (2), 149–162. doi:10.1016/S0960-9822(02)
00448-7

Chen, H., Lin, F., Xing, K., and He, X. (2015). The reverse evolution from
multicellularity to unicellularity during carcinogenesis. Nat. Commun. 6 (1), 6367.
doi:10.1038/ncomms7367

Chen, L., andWiens, J. J. (2021). Multicellularity and sex helped shape the Tree of
Life. Proc. R. Soc. B Biol. Sci. 288, 20211265. doi:10.1098/rspb.2021.1265

Chen, X., Ke, Y., Wu, K., Zhao, H., Sun, Y., Gao, L., et al. (2019). Key role for
CTCF in establishing chromatin structure in human embryos.Nature 576, 306–310.
doi:10.1038/s41586-019-1812-0

Chipman, A. D. (2021). “Developmental exaptation,” in Evolutionary
developmental biology. Editors L. Nuño de la Rosa and G. B. Müller (Cham:
Springer International Publishing), 29–38. doi:10.1007/978-3-319-32979-6_73

Cleveland, L. R. (1947). The origin and evolution of meiosis. Science 105 (2724),
287–289. doi:10.1126/science.105.2724.287

Collombet, S., Ranisavljevic, N., Nagano, T., Varnai, C., Shisode, T., Leung, W.,
et al. (2020). Parental-to-embryo switch of chromosome organization in early
embryogenesis. Nature 580 (7801), 142–146. doi:10.1038/s41586-020-2125-z

Cremer, T., and Cremer, C. (2001). Chromosome territories, nuclear architecture
and gene regulation in mammalian cells. Nat. Rev. Genet. 2 (4), 292–301. doi:10.
1038/35066075

Cuellar, O. (1977). Animal parthenogenesis. Science 197 (4306), 837–843. doi:10.
1126/science.887925

Dai, E. N., Heo, S.-J., and Mauck, R. L. (2020). Looping in” mechanics:
Mechanobiologic regulation of the nucleus and the epigenome. Adv. Healthc.
Mater. 9 (8), 2000030. doi:10.1002/adhm.202000030

Davidson, L. A., Keller, R., and DeSimone, D. W. (2004). Assembly and
remodeling of the fibrillar fibronectin extracellular matrix during gastrulation
and neurulation in Xenopus laevis. Dev. Dyn. 231 (4), 888–895. doi:10.1002/
dvdy.20217

Dixon, F. J., and Moore, R. A. (1953). Testicular tumors. A clinicopathological
study. Cancer 6 (3), 427–454. doi:10.1002/1097-0142(195305)6:3<427::aid-
cncr2820060302>3.0.co;2-u
Dixon, J. R., Selvaraj, S., Yue, F., Kim, A., Li, Y., Shen, Y., et al. (2012). Topological

domains in mammalian genomes identified by analysis of chromatin interactions.
Nature 485 (7398), 376–380. doi:10.1038/nature11082

Domazet-Lošo, T., and Tautz, D. (2010). Phylostratigraphic tracking of cancer
genes suggests a link to the emergence of multicellularity in metazoa. BMC Biol. 8
(1), 66. doi:10.1186/1741-7007-8-66

Dudin, O., Ondracka, A., Grau-Bove, X., Haraldsen, A. A., Toyoda, A., Suga, H.,
et al. (2019). A unicellular relative of animals generates a layer of polarized cells by
actomyosin-dependent cellularization. eLife 8, e49801. doi:10.7554/eLife.49801

Edgar, A., Mitchell, D. G., and Martindale, M. Q. (2021). Whole-body
regeneration in the lobate ctenophore Mnemiopsis leidyi. Genes. 12 (6), 867.
doi:10.3390/genes12060867

Ehrenkaufer, G. M., Weedall, G. D., Williams, D., Lorenzi, H. A., Caler, E., Hall, N.,
et al. (2013). The genome and transcriptome of the enteric parasite Entamoeba invadens,
a model for encystation. Genome Biol. 14 (7), R77. doi:10.1186/gb-2013-14-7-r77

Engler, A. J., Sen, S., Sweeney, H. L., and Discher, D. E. (2006). Matrix elasticity
directs stem cell lineage specification. Cell. 126 (4), 677–689. doi:10.1016/j.cell.2006.
06.044

Erenpreisa, J., Kalejs, M., and Cragg, M. S. (2005). Mitotic catastrophe and
endomitosis in tumour cells: An evolutionary key to a molecular solution. Cell. Biol.
Int. 29 (12), 1012–1018. doi:10.1016/j.cellbi.2005.10.005

Ereskovsky, A. V., Renard, E., and Borchiellini, C. (2013). Cellular and molecular
processes leading to embryo formation in sponges: Evidences for high conservation
of processes throughout animal evolution.Dev. Genes. Evol. 223 (1–2), 5–22. doi:10.
1007/s00427-012-0399-3

Frontiers in Cell and Developmental Biology frontiersin.org13

Cofre and Saalfeld 10.3389/fcell.2022.1067248

https://doi.org/10.1111/jeu.12691
https://doi.org/10.1016/j.semcdb.2006.05.004
https://doi.org/10.1007/s00018-013-1439-5
https://doi.org/10.1007/s00018-013-1439-5
https://doi.org/10.1182/blood-2002-06-1780
https://doi.org/10.1016/j.cub.2008.12.054
https://doi.org/10.1016/j.respol.2014.04.009
https://doi.org/10.1016/j.respol.2014.04.009
https://doi.org/10.3389/fevo.2018.00099
https://doi.org/10.1371/journal.pbio.1001899
https://doi.org/10.1039/c2ib00149g
https://doi.org/10.1039/c2ib00149g
https://doi.org/10.3390/ijms21010006
https://doi.org/10.1016/S0074-7696(08)60886-4
https://doi.org/10.1126/science.1224143
https://doi.org/10.1137/21M1390372
https://doi.org/10.1242/jcs.039859
https://doi.org/10.3389/fmicb.2015.01427
https://doi.org/10.1016/bs.ctdb.2019.07.001
https://doi.org/10.1098/rstb.2015.0043
https://doi.org/10.1038/s41556-020-0536-6
https://doi.org/10.1111/j.1550-7408.2009.00450.x
https://doi.org/10.1111/j.1550-7408.2009.00450.x
https://doi.org/10.1002/advs.202003186
https://doi.org/10.1002/advs.202003186
https://doi.org/10.1083/jcb.201011152
https://doi.org/10.1016/0303-2647(78)90033-3
https://doi.org/10.1016/S0960-9822(02)00448-7
https://doi.org/10.1016/S0960-9822(02)00448-7
https://doi.org/10.1038/ncomms7367
https://doi.org/10.1098/rspb.2021.1265
https://doi.org/10.1038/s41586-019-1812-0
https://doi.org/10.1007/978-3-319-32979-6_73
https://doi.org/10.1126/science.105.2724.287
https://doi.org/10.1038/s41586-020-2125-z
https://doi.org/10.1038/35066075
https://doi.org/10.1038/35066075
https://doi.org/10.1126/science.887925
https://doi.org/10.1126/science.887925
https://doi.org/10.1002/adhm.202000030
https://doi.org/10.1002/dvdy.20217
https://doi.org/10.1002/dvdy.20217
https://doi.org/10.1002/1097-0142(195305)6:3<427::aid-cncr2820060302>3.0.co;2-u
https://doi.org/10.1002/1097-0142(195305)6:3<427::aid-cncr2820060302>3.0.co;2-u
https://doi.org/10.1038/nature11082
https://doi.org/10.1186/1741-7007-8-66
https://doi.org/10.7554/eLife.49801
https://doi.org/10.3390/genes12060867
https://doi.org/10.1186/gb-2013-14-7-r77
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1016/j.cellbi.2005.10.005
https://doi.org/10.1007/s00427-012-0399-3
https://doi.org/10.1007/s00427-012-0399-3
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1067248


Ereskovsky, A. V. (2010). The comparative embryology of sponges, the comparative
embryology of sponges. Dordrecht: Springer Netherlands. doi:10.1007/978-90-481-
8575-7

Esposito, A., Chiariello, A. M., Conte, M., Fiorillo, L., Musella, F., Sciarretta, R.,
et al. (2020). Higher-order chromosome structures investigated by polymer physics
in cellular morphogenesis and differentiation. J. Mol. Biol. 432 (3), 701–711. doi:10.
1016/j.jmb.2019.12.017

Evans, R. W. (1957). Developmental stages of embryo-like bodies in teratoma
testis. J. Clin. Pathology 10 (1), 31–39. doi:10.1136/jcp.10.1.31

Farid, A., Jokhun, D. S., Shivashankar, G. V., and Shenoy, V. B. (2019). Regulation
of nuclear architecture, mechanics, and nucleocytoplasmic shuttling of epigenetic
factors by cell geometric constraints. Proc. Natl. Acad. Sci. 116 (27), 13200–13209.
doi:10.1073/pnas.1902035116

Fattet, L., Jung, H. Y., Matsumoto, M. W., Aubol, B. E., Kumar, A., Adams, J. A.,
et al. (2020). Matrix rigidity controls epithelial-mesenchymal plasticity and tumor
metastasis via a mechanoresponsive EPHA2/LYN complex. Dev. Cell. 54 (3),
302–316. e7. doi:10.1016/j.devcel.2020.05.031

Feichtinger, J., Larcombe, L., and McFarlane, R. J. (2014). Meta-analysis of
expression of l(3)mbt tumor-associated germline genes supports the model that
a soma-to-germline transition is a hallmark of human cancers. Int. J. Cancer 134
(10), 2359–2365. doi:10.1002/ijc.28577

Fierro-Constaín, L., Schenkelaars, Q., Gazave, E., Haguenauer, A., Rocher, C.,
Ereskovsky, A., et al. (2017). The conservation of the germline multipotency
program, from sponges to vertebrates: A stepping stone to understanding the
somatic and germline origins. Genome Biol. Evol. 9 (3), 474–488. doi:10.1093/gbe/
evw289

Flavahan, W. A., Gaskell, E., and Bernstein, B. E. (2017). Epigenetic plasticity and
the hallmarks of cancer. Science 357 (6348), eaal2380. doi:10.1126/science.aal2380

Flyamer, I. M., Gassler, J., Imakaev, M., Brandao, H. B., Ulianov, S. V., Abdennur,
N., et al. (2017). Single-nucleus Hi-C reveals unique chromatin reorganization at
oocyte-to-zygote transition. Nature 544 (7648), 110–114. doi:10.1038/nature21711

Frame, M. C. (2002). Src in cancer: Deregulation and consequences for cell
behaviour. Biochimica Biophysica Acta - Rev. Cancer 1602 (2), 114–130. doi:10.
1016/S0304-419X(02)00040-9

Fraser, J., Ferrai, C., Chiariello, A. M., Schueler, M., Rito, T., Laudanno, G., et al.
(2015). Hierarchical folding and reorganization of chromosomes are linked to
transcriptional changes in cellular differentiation. Mol. Syst. Biol. 11 (12), 852.
doi:10.15252/msb.20156492

Freeman, R. S., Kanki, J. P., Ballantyne, S. M., Pickham, K. M., and Donoghue, D.
J. (1990). Effects of the v-mos oncogene on Xenopus development: Meiotic
induction in oocytes and mitotic arrest in cleaving embryos. J. Cell. Biol. 111
(2), 533–541. doi:10.1083/jcb.111.2.533

Friedl, P., and Gilmour, D. (2009). Collective cell migration in morphogenesis,
regeneration and cancer.Nat. Rev. Mol. Cell. Biol. 10 (7), 445–457. doi:10.1038/nrm2720

Furuno, N., NishizawaM.OkazaKi, K., Tanaka, H., Iwashita, J., NakajoN., et al.
(1994). Suppression of DNA replication via Mos function during meiotic divisions
in Xenopus oocytes. EMBO J. 13 (10), 2399–2410. doi:10.1002/j.1460-2075.1994.
tb06524.x

Galassi, C., Musella, M., Manduca, N., Maccafeo, E., and Sistigu, A. (2021). The
immune privilege of cancer stem cells: A key to understanding tumor immune
escape and therapy failure. Cells 10 (9), 2361. doi:10.3390/cells10092361

Goldschmidt, R. (1982). The material basis of evolution. NewHaven, Connecticut,
United States: Yale University Press.

Gould, S. J. (1997). The exaptive excellence of spandrels as a term and prototype.
Proc. Natl. Acad. Sci. 94 (20), 10750–10755. doi:10.1073/pnas.94.20.10750

Gould, S. J., and Vrba, E. S. (1982). Exaptation—A missing term in the science of
form. Paleobiology 1, 4–15. doi:10.1017/S0094837300004310

Grau-Bové, X., Torruella, G., Donachie, S., Suga, H., Leonard, G., Richards, T. A.,
et al. (2017). Dynamics of genomic innovation in the unicellular ancestry of
animals. eLife 6, e26036. doi:10.7554/eLife.26036

Grell, K. G. (1973). Protozoology. Heidelberg: Springer Verlag Berlin.

Grell, K. G., and Ruthmann, A. (1964). Über die Karyologie des Radiolars
Aulacantha scolymantha und die Feinstruktur seiner Chromosomen.
Chromosoma 15 (2), 185–211. doi:10.1007/BF00285729

Greuber, E. K., Smith-Pearson, P., Wang, J., and Pendergast, A. M. (2013). Role of
ABL family kinases in cancer: From leukaemia to solid tumours.Nat. Rev. Cancer 13
(8), 559–571. doi:10.1038/nrc3563

Hanahan, D., and Weinberg, R. A. (2000). The hallmarks of cancer’, Cell. Elsevier
100 (1), 57–70. doi:10.1016/S0092-8674(00)81683-9

Hehenberger, E., Tikhonenkov, D. V., Kolisko, M., Del Campo, J., Esaulov, A. S.,
Mylnikov, A. P., et al. (2017). Novel predators reshape holozoan phylogeny and

reveal the presence of a two-component signaling system in the ancestor of animals.
Curr. Biol. 27 (13), 2043–2050. e6. doi:10.1016/j.cub.2017.06.006

Heisenberg, C.-P., and Bellaïche, Y. (2013). Forces in tissue morphogenesis and
patterning. Cell. 153 (5), 948–962. doi:10.1016/j.cell.2013.05.008

Heo, S. J., Thorpe, S. D., Driscoll, T. P., Duncan, R. L., Lee, D. A., andMauck, R. L.
(2015). Biophysical regulation of chromatin architecture instills a mechanical
memory in mesenchymal stem cells. Sci. Rep. 5 (1), 16895. doi:10.1038/srep16895

Hernández-Vega, A., Marsal, M., Pouille, P. A., Tosi, S., Colombelli, J., Luque, T.,
et al. (2017). Polarized cortical tension drives zebrafish epiboly movements. EMBO
J. 36 (1), 25–41. doi:10.15252/embj.201694264

Heywood, P., and Magee, P. T. (1976). Meiosis in protists. Some structural and
physiological aspects of meiosis in algae, fungi, and protozoa. Bacteriol. Rev. 40 (1),
190–240. doi:10.1128/br.40.1.190-240.1976

Hilgendorf, K. I., Johnson, C. T., and Jackson, P. K. (2016). The primary cilium as
a cellular receiver: Organizing ciliary GPCR signaling. Curr. Opin. Cell. Biol. 39,
84–92. doi:10.1016/j.ceb.2016.02.008

Hnisz, D., Weintraub, A. S., Day, D. S., Valton, A. L., Bak, R. O., Li, C. H., et al.
(2016). Activation of proto-oncogenes by disruption of chromosome
neighborhoods. Science 351 (6280), 1454–1458. doi:10.1126/science.aad9024

Hug, C. B., Grimaldi, A. G., Kruse, K., and Vaquerizas, J. M. (2017). Chromatin
architecture emerges during zygotic genome activation independent of
transcription. Cell. 169 (2), 216–228. e19. doi:10.1016/j.cell.2017.03.024

Hunley, C., and Marucho, M. (2022). Electrical propagation of condensed and
diffuse ions along actin filaments. J. Comput. Neurosci. 50 (1), 91–107. doi:10.1007/
s10827-021-00795-4

Hurst, L. D., Pál, C., and Lercher, M. J. (2004). The evolutionary dynamics of
eukaryotic gene order. Nat. Rev. Genet. 5 (4), 299–310. doi:10.1038/nrg1319

Inbar, E., Shaik, J., Iantorno, S. A., Romano, A., Nzelu, C. O., Owens, K., et al.
(2019). Whole genome sequencing of experimental hybrids supports meiosis-like
sexual recombination in Leishmania’, PLOS Genetics. P. J. Myler 15 (5), e1008042.
doi:10.1371/journal.pgen.1008042

Jalalvand, M., Darbeheshti, F., and Rezaei, N. (2021). Immune checkpoint
inhibitors: Review of the existing evidence and challenges in breast cancer.
Immunotherapy 13 (7), 587–603. doi:10.2217/imt-2020-0283

Janic, A., Mendizabal, L., Llamazares, S., Rossell, D., and Gonzalez, C. (2010).
Ectopic expression of germline genes drives malignant brain tumor growth in
Drosophila. Science 330 (6012), 1824–1827. doi:10.1126/science.1195481

Jarne, P., and Auld, J. R. (2006). Animals mix it up too: The distribution of self-
fertilization among hermaphroditic animals. Evolution 60 (9), 1816–1824. doi:10.
1554/06-246.1

Juliano, C. E., Swartz, S. Z., and Wessel, G. M. (2010). A conserved germline
multipotency program. Development 137 (24), 4113–4126. doi:10.1242/dev.047969

Juliano, C., and Wessel, G. (2010). Developmental biology. Versatile germline
genes. Science 329 (5992), 640–641. doi:10.1126/science.1194037

Kaaij, L. J. T., van der Weide, R. H., Ketting, R. F., and deWit, E. (2018). Systemic
loss and gain of chromatin architecture throughout zebrafish development. Cell.
Rep. 24 (1), 1–10. e4. doi:10.1016/j.celrep.2018.06.003

Kim, Y., Shi, Z., Zhang,H., Finkelstein, I. J., andYu,H. (2019). Human cohesin compacts
DNA by loop extrusion. Science 366 (6471), 1345–1349. doi:10.1126/science.aaz4475

Kobayashi, S., Asai, H., and Oosawa, F. (1964). Electric birefringence of actin.
Biochimica Biophysica Acta (BBA) - Specialized Sect. Biophysical Subj. 88 (3),
528–540. doi:10.1016/0926-6577(64)90096-8

Koslowski, M., Bell, C., Seitz, G., Lehr, H. A., Roemer, K., Muntefering, H., et al.
(2004). Frequent nonrandom activation of germ-line genes in human cancer.
Cancer Res. 64 (17), 5988–5993. doi:10.1158/0008-5472.CAN-04-1187

Latimer, A., and Jessen, J. R. (2010). Extracellular matrix assembly and organization
during zebrafish gastrulation.Matrix Biol. 29 (2), 89–96. doi:10.1016/j.matbio.2009.10.002

Le, H. Q., Ghatak, S., Yeung, C. Y. C., Tellkamp, F., Gunschmann, C., Dieterich,
C., et al. (2016). Mechanical regulation of transcription controls Polycomb-
mediated gene silencing during lineage commitment. Nat. Cell. Biol. 18 (8),
864–875. doi:10.1038/ncb3387

Lee, G., Hynes, R., and Kirschner, M. (1984). Temporal and spatial regulation of
fibronectin in early Xenopus development. Cell. 36 (3), 729–740. doi:10.1016/0092-
8674(84)90353-2

Levin, T. C., and King, N. (2013). Evidence for sex and recombination in the
choanoflagellate Salpingoeca rosetta. Curr. Biol. 23 (21), 2176–2180. doi:10.1016/j.
cub.2013.08.061

Li, C. X., Talele, N. P., Boo, S., Koehler, A., Knee-Walden, E., Balestrini, J. L., et al.
(2017). MicroRNA-21 preserves the fibrotic mechanical memory of mesenchymal
stem cells. Nat. Mater. 16 (3), 379–389. doi:10.1038/nmat4780

Frontiers in Cell and Developmental Biology frontiersin.org14

Cofre and Saalfeld 10.3389/fcell.2022.1067248

https://doi.org/10.1007/978-90-481-8575-7
https://doi.org/10.1007/978-90-481-8575-7
https://doi.org/10.1016/j.jmb.2019.12.017
https://doi.org/10.1016/j.jmb.2019.12.017
https://doi.org/10.1136/jcp.10.1.31
https://doi.org/10.1073/pnas.1902035116
https://doi.org/10.1016/j.devcel.2020.05.031
https://doi.org/10.1002/ijc.28577
https://doi.org/10.1093/gbe/evw289
https://doi.org/10.1093/gbe/evw289
https://doi.org/10.1126/science.aal2380
https://doi.org/10.1038/nature21711
https://doi.org/10.1016/S0304-419X(02)00040-9
https://doi.org/10.1016/S0304-419X(02)00040-9
https://doi.org/10.15252/msb.20156492
https://doi.org/10.1083/jcb.111.2.533
https://doi.org/10.1038/nrm2720
https://doi.org/10.1002/j.1460-2075.1994.tb06524.x
https://doi.org/10.1002/j.1460-2075.1994.tb06524.x
https://doi.org/10.3390/cells10092361
https://doi.org/10.1073/pnas.94.20.10750
https://doi.org/10.1017/S0094837300004310
https://doi.org/10.7554/eLife.26036
https://doi.org/10.1007/BF00285729
https://doi.org/10.1038/nrc3563
https://doi.org/10.1016/S0092-8674(00)81683-9
https://doi.org/10.1016/j.cub.2017.06.006
https://doi.org/10.1016/j.cell.2013.05.008
https://doi.org/10.1038/srep16895
https://doi.org/10.15252/embj.201694264
https://doi.org/10.1128/br.40.1.190-240.1976
https://doi.org/10.1016/j.ceb.2016.02.008
https://doi.org/10.1126/science.aad9024
https://doi.org/10.1016/j.cell.2017.03.024
https://doi.org/10.1007/s10827-021-00795-4
https://doi.org/10.1007/s10827-021-00795-4
https://doi.org/10.1038/nrg1319
https://doi.org/10.1371/journal.pgen.1008042
https://doi.org/10.2217/imt-2020-0283
https://doi.org/10.1126/science.1195481
https://doi.org/10.1554/06-246.1
https://doi.org/10.1554/06-246.1
https://doi.org/10.1242/dev.047969
https://doi.org/10.1126/science.1194037
https://doi.org/10.1016/j.celrep.2018.06.003
https://doi.org/10.1126/science.aaz4475
https://doi.org/10.1016/0926-6577(64)90096-8
https://doi.org/10.1158/0008-5472.CAN-04-1187
https://doi.org/10.1016/j.matbio.2009.10.002
https://doi.org/10.1038/ncb3387
https://doi.org/10.1016/0092-8674(84)90353-2
https://doi.org/10.1016/0092-8674(84)90353-2
https://doi.org/10.1016/j.cub.2013.08.061
https://doi.org/10.1016/j.cub.2013.08.061
https://doi.org/10.1038/nmat4780
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1067248


Lolas, M., Valenzuela, P. D. T., Tjian, R., and Liu, Z. (2014). Charting
Brachyury-mediated developmental pathways during early mouse
embryogenesis. Proc. Natl. Acad. Sci. 111 (12), 4478–4483. doi:10.1073/
pnas.1402612111

Louradour, I., Ferreira, T. R., Duge, E., Karunaweera, N., Paun, A., and Sacks, D.
(2022). Stress conditions promote Leishmania hybridization in vitro marked by
expression of the ancestral gamete fusogen HAP2 as revealed by single-cell RNA-
seq. eLife 11, e73488. doi:10.7554/eLife.73488

Luttman, J. H., Colemon, A., Mayro, B., and Pendergast, A. M. (2021). Role of the
ABL tyrosine kinases in the epithelial–mesenchymal transition and the metastatic
cascade. Cell. Commun. Signal. 19 (1), 59. doi:10.1186/s12964-021-00739-6

Ma, Z., Hu, Y., Jiang, G., Hou, J., Liu, R., Lu, Y., et al. (2012). Spontaneous
generation of germline characteristics in mouse fibrosarcoma cells. Sci. Rep. 2 (1),
743. doi:10.1038/srep00743

Machado, A. (2021). Poesías completas. Copenhagen: Lindhardt og Ringhof.

Maître, J.-L., Berthoumieux, H., Krens, S. F. G., Salbreux, G., Julicher, F., Paluch,
E., et al. (2012). Adhesion functions in cell sorting by mechanically coupling the
cortices of adhering cells. Science 338 (6104), 253–256. doi:10.1126/science.1225399

Maldonado, M. (2005). Choanoflagellates, choanocytes, and animal
multicellularity. Invertebr. Biol. 123 (1), 1–22. doi:10.1111/j.1744-7410.2004.
tb00138.x

Malik, S.-B., Pightling, A. W., Stefaniak, L. M., Schurko, A. M., and Logsdon, J. M.
(2008). An expanded inventory of conserved meiotic genes provides evidence for
sex in trichomonas vaginalis. PLoS ONE 3 (8), e2879. doi:10.1371/journal.pone.
0002879

Margulis, L., Corliss, J. O., Melkonian, M., and Chapman, D. J. (1989). Handbook
of protoctista: The structure, cultivation, habitats, and life histories of the eukaryotic
microorganisms and their descendants exclusive of animals, plants, and fungi: A
guide to the algae, ciliates, foraminifera, sporozoa, water molds, slime mo. Boston:
Jones & Bartlett Publ.

Margulis, L., and Fester, R. (1991). in Symbiosis as a source of evolutionary
innovation: Speciation and morphogenesis. Editors L. Margulis and R. Fester
(Cambridge, Massachusetts: MIT Press).

Markert, C. L. (1968). Neoplasia: A disease of cell differentiation. Cancer Res. 28
(9), 1908–1914. doi:10.1158/0008-5472.CAN-21-2176

Marshall, W. F., and Nonaka, S. (2006). Cilia: Tuning in to the cell’s antenna.
Curr. Biol. 16 (15), R604–R614. doi:10.1016/j.cub.2006.07.012

Marshall, W. L., Celio, G., McLaughlin, D. J., and Berbee, M. L. (2008). Multiple
isolations of a culturable, motile ichthyosporean (mesomycetozoa, opisthokonta),
Creolimax fragrantissima n. gen., n. sp., from marine invertebrate digestive tracts.
Protist 159 (3), 415–433. doi:10.1016/j.protis.2008.03.003

Martindale, M. Q. (2016). The onset of regenerative properties in ctenophores.
Curr. Opin. Genet. Dev. 40, 113–119. doi:10.1016/j.gde.2016.06.017

Mathavarajah, S., VanIderstine, C., Dellaire, G., and Huber, R. J. (2021). Cancer
and the breakdown of multicellularity: What Dictyostelium discoideum , a social
amoeba, can teach us. BioEssays 43 (4), 2000156. doi:10.1002/bies.202000156

Matt, G., and Umen, J. (2016). Volvox: A simple algal model for embryogenesis,
morphogenesis and cellular differentiation. Dev. Biol. 419 (1), 99–113. doi:10.1016/
j.ydbio.2016.07.014

Matthews, H. K., Bertoli, C., and de Bruin, R. A. M. (2022). Cell cycle control in
cancer. Nat. Rev. Mol. Cell. Biol. 23 (1), 74–88. doi:10.1038/s41580-021-00404-3

Mendoza, L., Taylor, J. W., and Ajello, L. (2002). The class mesomycetozoea: A
heterogeneous group of microorganisms at the animal-fungal boundary. Annu. Rev.
Microbiol. 56 (1), 315–344. doi:10.1146/annurev.micro.56.012302.160950

Miller, R. L., and Brokaw, C. J. (1970). Chemotactic turning behaviour of
tubularia spermatozoa. J. Exp. Biol. 52 (3), 699–706. doi:10.1242/jeb.52.3.699

Mozzetta, C., Pontis, J., Fritsch, L., Robin, P., Portoso, M., Proux, C., et al. (2014).
The histone H3 lysine 9 methyltransferases G9a and GLP regulate polycomb
repressive complex 2-mediated gene silencing. Mol. Cell. 53 (2), 277–289.
doi:10.1016/j.molcel.2013.12.005

Müller, G. B. (2021). “Developmental innovation and phenotypic novelty,” in
Evolutionary developmental biology. Editors Nuño de la Rosa L. and Müller G. B.
(Cham: Springer International Publishing), 69–84. doi:10.1007/978-3-319-32979-
6_66

Müller, G. B. (1990). “Developmental mechanisms at the origin of morphological
novelty: A side-effect hypothesis,” in Evolutionary innovations. Editor M. H. Nitecki
(Chicago: University of Chicago Press), 99–130. Available at: https://www.
researchgate.net/publication/258234428_Developmental_mechanisms_at_the_
origin_of_morphological_novelty_A_side-effect_hypothesis.

Mylnikov, A. P., Tikhonenkov, D. V., Karpov, S. A., and Wylezich, C. (2019).
Microscopical studies on Ministeria vibrans tong, 1997 (Filasterea) highlight the

cytoskeletal structure of the common ancestor of Filasterea, metazoa and
choanoflagellata. Protist 170 (4), 385–396. doi:10.1016/j.protis.2019.07.001

Nakamura, R., Motai, Y., Kumagai, M., Wike, C. L., Nishiyama, H., Nakatani, Y.,
et al. (2021). CTCF looping is established during gastrulation in medaka embryos.
Genome Res. 31 (6), 968–980. doi:10.1101/gr.269951.120

Nakatsuji, N., Smolira, M. A., and Wylie, C. C. (1985). Fibronectin visualized by
scanning electron microscopy immunocytochemistry on the substratum for cell
migration in Xenopus laevis gastrulae. Dev. Biol. 107 (1), 264–268. doi:10.1016/
0012-1606(85)90395-1

Nanjundiah, V. (2016). “Cellular slime mold development as a paradigm for the
transition from unicellular to multicellular life,” in Multicellularity: Origins and
evolution. Editors K. J. Niklas and S. A. Newmaan (Cambridge, Massachusetts: MIT
Press), 105–130.

Newman, S. A., Forgacs, G., and Müller, G. B. (2006). Before programs: The
physical origination of multicellular forms. Int. J. Dev. Biol. 50 (2–3), 289–299.
doi:10.1387/ijdb.052049sn

Nicetto, D., Donahue, G., Jain, T., Peng, T., Sidoli, S., Sheng, L., et al. (2019).
H3K9me3-heterochromatin loss at protein-coding genes enables developmental
lineage specification. Science 363 (6424), 294–297. doi:10.1126/science.aau0583

Nikhil, J., Iyer, K. V., Kumar, A., and Shivashankar, G. V. (2013). Cell geometric
constraints induce modular gene-expression patterns via redistribution of
HDAC3 regulated by actomyosin contractility. Proc. Natl. Acad. Sci. 110 (28),
11349–11354. doi:10.1073/pnas.1300801110

Nora, E. P., Lajoie, B. R., Schulz, E. G., Giorgetti, L., Okamoto, I., Servant, N., et al.
(2012). Spatial partitioning of the regulatory landscape of the X-inactivation centre.
Nature 485 (7398), 381–385. doi:10.1038/nature11049

Northey, J. J., Przybyla, L., and Weaver, V. M. (2017). Tissue force programs cell
fate and tumor aggression. Cancer Discov. 7 (11), 1224–1237. doi:10.1158/2159-
8290.CD-16-0733

Ohtsuka, S., Koike, K., Lindsay, D., Nishikawa, J., Miyake, H., Kawahara, M., et al.
(2009). Symbionts of marine medusae and ctenophores. Plankton Benthos Res. 4 (1),
1–13. doi:10.3800/pbr.4.1

Paps, J., and Ruiz-Trillo, I. (2010). “Animals and their unicellular ancestors,” in
Encyclopedia of life sciences (Chichester: John Wiley & Sons). doi:10.1002/
9780470015902.a0022853

Parry, L. A., Lerosey-Aubril, R., Weaver, J. C., and Ortega-Hernandez, J. (2021).
Cambrian comb jellies from Utah illuminate the early evolution of nervous and
sensory systems in ctenophores. iScience 24 (9), 102943. doi:10.1016/j.isci.2021.
102943

Paszek, M. J., and Weaver, V. M. (2004). The tension mounts: Mechanics meets
morphogenesis and malignancy. J. Mammary Gl. Biol. Neoplasia 9 (4), 325–342.
doi:10.1007/s10911-004-1404-x

Paszek, M. J., Zahir, N., Johnson, K. R., Lakins, J. N., Rozenberg, G. I., Gefen, A.,
et al. (2005). Tensional homeostasis and the malignant phenotype. Cancer Cell. 8
(3), 241–254. doi:10.1016/j.ccr.2005.08.010

Phillips, J. E., Santos, M., Kanchwala, M., Xing, C., and Pan, D. (2021). Genome
editing of Capsaspora owczarzaki suggests an ancestral function of the Hippo
signaling effector YAP/TAZ/Yorkie in cytoskeletal dynamics but not proliferation.
bioRxiv. Cold Spring Harbor Laboratory. doi:10.1101/2021.11.15.468130

Pianka, H. D. (1974). “Ctenophora,” in Reproduction of invertebrates marines,
volume 1: Acoelomate and pseudocoelomate metazoans. Editors Giese A. C. and
Pearse J. S. (New York and London: Elsevier), 201–265. doi:10.1016/B978-0-12-
282501-9.50009-0

Pierce, G. B. (1967). “Chapter 8: Teratocarcinoma: Model for A developmental
concept of cancer,” in Current topics in developmental biology (New York and
London: Academic Press), 223–246. doi:10.1016/S0070-2153(08)60289-6

Pierce, G. B., Dixon, F. J., Jr, and Verney, E. (1959). Testicular teratomas.I.
Demonstration of teratogenesis by metamorphosis of multipotential Cells. Cancer
12 (3), 573–583. doi:10.1002/1097-0142(195905/06)12:3<573::AID-
CNCR2820120316>3.0.CO;2-M
Pierce, G. B. (1983). The cancer cell and its control by the embryo. Rous-Whipple

Award lecture. Am. J. pathology 113 (1), 117–124.

Pozdnyakov, I. R., Sokolova, A. M., Ereskovsky, A., and Karpov, S. A. (2017).
Kinetid structure of choanoflagellates and choanocytes of sponges does not support
their close relationship. Protistology 11 (4), 248–264. doi:10.21685/1680-0826-2017-
11-4-6

Prior, I. A., Hood, F. E., and Hartley, J. L. (2020). The frequency of ras
mutations in cancer. Cancer Res. 80 (14), 2969–2974. doi:10.1158/0008-5472.
CAN-19-3682

Pukhlyakova, E., Aman, A. J., Elsayad, K., and Technau, U. (2018). β-Catenin-
dependent mechanotransduction dates back to the common ancestor of Cnidaria

Frontiers in Cell and Developmental Biology frontiersin.org15

Cofre and Saalfeld 10.3389/fcell.2022.1067248

https://doi.org/10.1073/pnas.1402612111
https://doi.org/10.1073/pnas.1402612111
https://doi.org/10.7554/eLife.73488
https://doi.org/10.1186/s12964-021-00739-6
https://doi.org/10.1038/srep00743
https://doi.org/10.1126/science.1225399
https://doi.org/10.1111/j.1744-7410.2004.tb00138.x
https://doi.org/10.1111/j.1744-7410.2004.tb00138.x
https://doi.org/10.1371/journal.pone.0002879
https://doi.org/10.1371/journal.pone.0002879
https://doi.org/10.1158/0008-5472.CAN-21-2176
https://doi.org/10.1016/j.cub.2006.07.012
https://doi.org/10.1016/j.protis.2008.03.003
https://doi.org/10.1016/j.gde.2016.06.017
https://doi.org/10.1002/bies.202000156
https://doi.org/10.1016/j.ydbio.2016.07.014
https://doi.org/10.1016/j.ydbio.2016.07.014
https://doi.org/10.1038/s41580-021-00404-3
https://doi.org/10.1146/annurev.micro.56.012302.160950
https://doi.org/10.1242/jeb.52.3.699
https://doi.org/10.1016/j.molcel.2013.12.005
https://doi.org/10.1007/978-3-319-32979-6_66
https://doi.org/10.1007/978-3-319-32979-6_66
https://www.researchgate.net/publication/258234428_Developmental_mechanisms_at_the_origin_of_morphological_novelty_A_side-effect_hypothesis
https://www.researchgate.net/publication/258234428_Developmental_mechanisms_at_the_origin_of_morphological_novelty_A_side-effect_hypothesis
https://www.researchgate.net/publication/258234428_Developmental_mechanisms_at_the_origin_of_morphological_novelty_A_side-effect_hypothesis
https://doi.org/10.1016/j.protis.2019.07.001
https://doi.org/10.1101/gr.269951.120
https://doi.org/10.1016/0012-1606(85)90395-1
https://doi.org/10.1016/0012-1606(85)90395-1
https://doi.org/10.1387/ijdb.052049sn
https://doi.org/10.1126/science.aau0583
https://doi.org/10.1073/pnas.1300801110
https://doi.org/10.1038/nature11049
https://doi.org/10.1158/2159-8290.CD-16-0733
https://doi.org/10.1158/2159-8290.CD-16-0733
https://doi.org/10.3800/pbr.4.1
https://doi.org/10.1002/9780470015902.a0022853
https://doi.org/10.1002/9780470015902.a0022853
https://doi.org/10.1016/j.isci.2021.102943
https://doi.org/10.1016/j.isci.2021.102943
https://doi.org/10.1007/s10911-004-1404-x
https://doi.org/10.1016/j.ccr.2005.08.010
https://doi.org/10.1101/2021.11.15.468130
https://doi.org/10.1016/B978-0-12-282501-9.50009-0
https://doi.org/10.1016/B978-0-12-282501-9.50009-0
https://doi.org/10.1016/S0070-2153(08)60289-6
https://doi.org/10.1002/1097-0142(195905/06)12:3<573::AID-CNCR2820120316>3.0.CO;2-M
https://doi.org/10.1002/1097-0142(195905/06)12:3<573::AID-CNCR2820120316>3.0.CO;2-M
https://doi.org/10.21685/1680-0826-2017-11-4-6
https://doi.org/10.21685/1680-0826-2017-11-4-6
https://doi.org/10.1158/0008-5472.CAN-19-3682
https://doi.org/10.1158/0008-5472.CAN-19-3682
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1067248


and Bilateria. Proc. Natl. Acad. Sci. U. S. A. 115 (24), 6231–6236. doi:10.1073/pnas.
1713682115

Raikov, I. B. (1995). Meiosis in protists: Recent advances and persisting problems.
Eur. J. Protistology 31 (1), 1–7. doi:10.1016/S0932-4739(11)80349-4

Ramesh, M. A., Malik, S.-B., and Logsdon, J. M. (2005). A phylogenomic
inventory of meiotic genes; evidence for sex in Giardia and an early eukaryotic
origin of meiosis. Curr. Biol. 15 (2), 185–191. doi:10.1016/j.cub.2005.01.003

Rao, S. S. P., Huntley, M. H., Durand, N. C., Stamenova, E. K., Bochkov, I. D.,
Robinson, J. T., et al. (2014). A 3Dmap of the human genome at kilobase resolution
reveals principles of chromatin looping. Cell. 159 (7), 1665–1680. doi:10.1016/j.cell.
2014.11.021

Reitzel, A. M., Pang, K., and Martindale, M. Q. (2016). Developmental expression
of “germline”- and “sex determination”-related genes in the ctenophore
Mnemiopsis leidyi. EvoDevo 7 (1), 17. doi:10.1186/s13227-016-0051-9

Rhodes, J. D. P., Feldmann, A., Hernandez-Rodriguez, B., Diaz, N., Brown, J. M.,
Fursova, N. A., et al. (2020). Cohesin disrupts polycomb-dependent chromosome
interactions in embryonic stem cells. Cell. Rep. 30 (3), 820–835. e10. doi:10.1016/j.
celrep.2019.12.057

Robyr, D., Suka, Y., Xenarios, I., Kurdistani, S. K., Wang, A., Suka, N., et al.
(2002). Microarray deacetylation maps determine genome-wide functions for yeast
histone deacetylases. Cell. 109 (4), 437–446. doi:10.1016/S0092-8674(02)00746-8

Ros-Rocher, N., Perez-Posada, A., Leger, M. M., and Ruiz-Trillo, I. (2021). The
origin of animals: An ancestral reconstruction of the unicellular-to-multicellular
transition. Open Biol. 11 (2), rsob.200359. doi:10.1098/rsob.200359

Rosa, A. M., Dabas, N., Byrnes, D. M., Eller, M. S., and Grichnik, J. M. (2012).
Germ cell proteins in melanoma: Prognosis, diagnosis, treatment, and theories on
expression. J. Skin Cancer 2012, 621968. doi:10.1155/2012/621968

Rousseaux, S., Debernardi, A., Jacquiau, B., Vitte, A. L., Vesin, A., Nagy-Mignotte,
H., et al. (2013). Ectopic activation of germline and placental genes identifies
aggressive metastasis-prone lung cancers. Sci. Transl. Med. 5 (186), 186ra66. doi:10.
1126/scitranslmed.3005723

Rozario, T., and DeSimone, D. W. (2010). The extracellular matrix in
development and morphogenesis: A dynamic view. Dev. Biol. 341 (1), 126–140.
doi:10.1016/j.ydbio.2009.10.026

Rozario, T., Dzamba, B., Weber, G. F., Davidson, L. A., and DeSimone, D. W.
(2009). The physical state of fibronectin matrix differentially regulates
morphogenetic movements in vivo. Dev. Biol. 327 (2), 386–398. doi:10.1016/j.
ydbio.2008.12.025

Rutkowski, R., Hofmann, K., and Gartner, A. (2010). Phylogeny and function of
the invertebrate p53 superfamily. Cold Spring Harb. Perspect. Biol. 2 (7), a001131.
doi:10.1101/cshperspect.a001131

Salinas-Saavedra, M., and Vargas, A. O. (2011). Cortical cytasters: A highly
conserved developmental trait of bilateria with similarities to ctenophora. EvoDevo
2 (1), 23. doi:10.1186/2041-9139-2-23

Schurko, A. M., and Logsdon, J. M. J. (2008). Using a meiosis detection toolkit to
investigate ancient asexual “scandals” and the evolution of sex. BioEssays 30 (6),
579–589. doi:10.1002/bies.20764

Sebé-Pedrós, A., Ballaré, C., Parra-Acero, H., Chiva, C., Tena, J. J., Sabido, E., et al.
(2016a). The dynamic regulatory genome of Capsaspora and the origin of animal
multicellularity. Cell. 165 (5), 1224–1237. doi:10.1016/j.cell.2016.03.034

Sebé-Pedrós, A., Irimia, M., Del Campo, J., Parra-Acero, H., Russ, C., Nusbaum,
C., et al. (2013). Regulated aggregative multicellularity in a close unicellular relative
of metazoa. eLife 2 (2), e01287. doi:10.7554/eLife.01287

Sebé-Pedrós, A., Peña, M. I., Capella-Gutierrez, S., Anto, M., Gabaldon, T., Ruiz-
Trillo, I., et al. (2016b). High-throughput proteomics reveals the unicellular roots of
animal phosphosignaling and cell differentiation. Dev. Cell. 39 (2), 186–197. doi:10.
1016/j.devcel.2016.09.019

Seervai, R. N. H., and Wessel, G. M. (2013). Lessons for inductive germline
determination. Mol. Reproduction Dev. 80 (8), 590–609. doi:10.1002/mrd.22151

Sheffels, E., and Kortum, R. L. (2021). The role of wild-type ras in oncogenic ras
transformation. Genes. 12 (5), 662. doi:10.3390/genes12050662

Simon, J.-C., Delmotte, F., Rispe, C., and Crease, T. (2003). Phylogenetic
relationships between parthenogens and their sexual relatives: The possible
routes to parthenogenesis in animals. Biol. J. Linn. Soc. 79 (1), 151–163. doi:10.
1046/j.1095-8312.2003.00175.x

Singla, V., and Reiter, J. F. (2006). The primary cilium as the cell’s antenna:
Signaling at a sensory organelle. Science 313 (5787), 629–633. doi:10.1126/science.
1124534

Smith, C. E. L., Lake, A. V. R., and Johnson, C. A. (2020). Primary cilia,
ciliogenesis and the actin cytoskeleton: A little less resorption, A little more
actin please. Front. Cell. Dev. Biol. 8, 622822. doi:10.3389/fcell.2020.622822

Stephan, A. (1998). Varieties of emergence in artificial and natural systems. Z. für
Naturforsch. C 53 (7–8), 639–656. doi:10.1515/znc-1998-7-817

Suga, H., Chen, Z., de Mendoza, A., Sebe-Pedros, A., Brown, M. W., Kramer, E.,
et al. (2013). The Capsaspora genome reveals a complex unicellular prehistory of
animals. Nat. Commun. 4 (1), 2325. doi:10.1038/ncomms3325

Suga, H., Dacre, M., de Mendoza, A., Shalchian-Tabrizi, K., Manning, G., and
Ruiz-Trillo, I. (2012). Genomic survey of premetazoans shows deep conservation of
cytoplasmic tyrosine kinases and multiple radiations of receptor tyrosine kinases.
Sci. Signal. 5 (222), ra35. doi:10.1126/scisignal.2002733

Suga, H., and Ruiz-Trillo, I. (2015). “Filastereans and ichthyosporeans: Models to
understand the origin of metazoan multicellularity,” in Evolutionary transitions to
multicellular life. Editors I. Ruiz-Trillo and A. M. Nedelcu (Dordrecht: Springer),
117–128. doi:10.1007/978-94-017-9642-2_6

Suga, H., Torruella, G., Burger, G., Brown, M. W., and Ruiz-Trillo, I. (2014).
Earliest holozoan expansion of phosphotyrosine signaling. Mol. Biol. Evol. 31 (3),
517–528. doi:10.1093/molbev/mst241

Tachibana, K., Tanaka, D., Isobe, T., and KishimoTo, T. (2000). c-Mos forces the
mitotic cell cycle to undergo meiosis II to produce haploid gametes. Proc. Natl.
Acad. Sci. U. S. A. 97 (26), 14301–14306. doi:10.1073/pnas.97.26.14301

Tajik, A., Zhang, Y., Wei, F., Sun, J., Jia, Q., Zhou, W., et al. (2016). Transcription
upregulation via force-induced direct stretching of chromatin. Nat. Mater. 15 (12),
1287–1296. doi:10.1038/nmat4729

Tarín, J. J., andCano,A. (2000).Fertilization in Protozoa andmetazoan animals. Cellular
and molecular aspects. Berlin: Springer-Verlag. doi:10.1007/978-3-642-58301-8

Torruella, G., Derelle, R., Paps, J., Lang, B. F., Roger, A. J., Shalchian-Tabrizi, K.,
et al. (2012). Phylogenetic relationships within the opisthokonta based on
phylogenomic analyses of conserved single-copy protein domains. Mol. Biol.
Evol. 29 (2), 531–544. doi:10.1093/molbev/msr185

Tsai, A., and Crocker, J. (2022). Nuclear morphogenesis: Forming a
heterogeneous nucleus during embryogenesis. Development 149 (4), dev200266.
doi:10.1242/dev.200266

Tschermak-Woess, E. (1959). Extreme Anisogamie und ein bemerkenswerter Fall
der Geschlechts-Bestimmung bei einer neuen Chlamydomonas-Art. Planta 52 (6),
606–622. doi:10.1007/BF01914759

Tuszyński, J. A., Portet, S., Dixon, J. M., Luxford, C., and Cantiello, H. F. (2004).
Ionic wave propagation along actin filaments. Biophysical J. 86 (4), 1890–1903.
doi:10.1016/S0006-3495(04)74255-1

Uhler, C., and Shivashankar, G. V. (2017a). Chromosome intermingling:
Mechanical hotspots for genome regulation. Trends Cell. Biol. 27 (11), 810–819.
doi:10.1016/j.tcb.2017.06.005

Uhler, C., and Shivashankar, G. V. (2018). Nuclear mechanopathology and cancer
diagnosis. Trends Cancer 4 (4), 320–331. doi:10.1016/j.trecan.2018.02.009

Uhler, C., and Shivashankar, G. V. (2017b). Regulation of genome organization
and gene expression by nuclear mechanotransduction. Nat. Rev. Mol. Cell. Biol. 18
(12), 717–727. doi:10.1038/nrm.2017.101

Unhavaithaya, Y., Shin, T. H., Miliaras, N., Lee, J., Oyama, T., and Mello, C. C.
(2002). MEP-1 and a homolog of the NURD complex component mi-2 act together
to maintain germline-soma distinctions in C. elegans. Cell. 111 (7), 991–1002.
doi:10.1016/S0092-8674(02)01202-3

Van Riggelen, J., Yetil, A., and Felsher, D. W. (2010). MYC as a regulator of
ribosome biogenesis and protein synthesis.Nat. Rev. Cancer 10 (4), 301–309. doi:10.
1038/nrc2819

Varun, N., Rocha, P. P., An, D., Raviram, R., Skok, J. A., Mazzoni, E. O., et al.
(2015). CTCF establishes discrete functional chromatin domains at the Hox
clusters during differentiation. Science 347 (6225), 1017–1021. doi:10.1126/
science.1262088

Verlhac, M.-H., Lefebvre, C., Guillaud, P., Rassinier, P., and Maro, B. (2000).
Asymmetric division in mouse oocytes: With or without mos. Curr. Biol. 10 (20),
1303–1306. doi:10.1016/S0960-9822(00)00753-3

Vitrat, N., Cohen-Solal, K., Pique, C., Le Couedic, J. P., NorolF.Larsen, A. K., et al.
(1998). Endomitosis of humanmegakaryocytes are due to abortive mitosis. Blood 91
(10), 3711–3723. doi:10.1182/blood.V91.10.3711

Walma, D. A. C., and Yamada, K. M. (2020). The extracellular matrix in
development. Development 147 (10), dev175596. doi:10.1242/dev.175596

Wang, C., Liu, X., Gao, Y., Yang, L., Li, C., Liu, W., et al. (2018). Reprogramming
of H3K9me3-dependent heterochromatin during mammalian embryo
development. Nat. Cell. Biol. 20 (5), 620–631. doi:10.1038/s41556-018-0093-4

Wang, D., Kennedy, S., Conte, D., Kim, J. K., Gabel, H. W., Kamath, R. S., et al.
(2005). Somatic misexpression of germline P granules and enhanced RNA
interference in retinoblastoma pathway mutants. Nature 436 (7050), 593–597.
doi:10.1038/nature04010

Frontiers in Cell and Developmental Biology frontiersin.org16

Cofre and Saalfeld 10.3389/fcell.2022.1067248

https://doi.org/10.1073/pnas.1713682115
https://doi.org/10.1073/pnas.1713682115
https://doi.org/10.1016/S0932-4739(11)80349-4
https://doi.org/10.1016/j.cub.2005.01.003
https://doi.org/10.1016/j.cell.2014.11.021
https://doi.org/10.1016/j.cell.2014.11.021
https://doi.org/10.1186/s13227-016-0051-9
https://doi.org/10.1016/j.celrep.2019.12.057
https://doi.org/10.1016/j.celrep.2019.12.057
https://doi.org/10.1016/S0092-8674(02)00746-8
https://doi.org/10.1098/rsob.200359
https://doi.org/10.1155/2012/621968
https://doi.org/10.1126/scitranslmed.3005723
https://doi.org/10.1126/scitranslmed.3005723
https://doi.org/10.1016/j.ydbio.2009.10.026
https://doi.org/10.1016/j.ydbio.2008.12.025
https://doi.org/10.1016/j.ydbio.2008.12.025
https://doi.org/10.1101/cshperspect.a001131
https://doi.org/10.1186/2041-9139-2-23
https://doi.org/10.1002/bies.20764
https://doi.org/10.1016/j.cell.2016.03.034
https://doi.org/10.7554/eLife.01287
https://doi.org/10.1016/j.devcel.2016.09.019
https://doi.org/10.1016/j.devcel.2016.09.019
https://doi.org/10.1002/mrd.22151
https://doi.org/10.3390/genes12050662
https://doi.org/10.1046/j.1095-8312.2003.00175.x
https://doi.org/10.1046/j.1095-8312.2003.00175.x
https://doi.org/10.1126/science.1124534
https://doi.org/10.1126/science.1124534
https://doi.org/10.3389/fcell.2020.622822
https://doi.org/10.1515/znc-1998-7-817
https://doi.org/10.1038/ncomms3325
https://doi.org/10.1126/scisignal.2002733
https://doi.org/10.1007/978-94-017-9642-2_6
https://doi.org/10.1093/molbev/mst241
https://doi.org/10.1073/pnas.97.26.14301
https://doi.org/10.1038/nmat4729
https://doi.org/10.1007/978-3-642-58301-8
https://doi.org/10.1093/molbev/msr185
https://doi.org/10.1242/dev.200266
https://doi.org/10.1007/BF01914759
https://doi.org/10.1016/S0006-3495(04)74255-1
https://doi.org/10.1016/j.tcb.2017.06.005
https://doi.org/10.1016/j.trecan.2018.02.009
https://doi.org/10.1038/nrm.2017.101
https://doi.org/10.1016/S0092-8674(02)01202-3
https://doi.org/10.1038/nrc2819
https://doi.org/10.1038/nrc2819
https://doi.org/10.1126/science.1262088
https://doi.org/10.1126/science.1262088
https://doi.org/10.1016/S0960-9822(00)00753-3
https://doi.org/10.1182/blood.V91.10.3711
https://doi.org/10.1242/dev.175596
https://doi.org/10.1038/s41556-018-0093-4
https://doi.org/10.1038/nature04010
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1067248


Wang, J., Emadali, A., Le Bescont, A., Callanan, M., Rousseaux, S., and Khochbin,
S. (2011). Induced malignant genome reprogramming in somatic cells by testis-
specific factors. Biochimica Biophysica Acta - Gene Regul. Mech. 1809 (4–6),
221–225. doi:10.1016/j.bbagrm.2011.04.003

Wang., H., Xu, X., Nguyen, C. M., Liu, Y., Gao, Y., Lin, X., et al. (2018). CRISPR-
mediated programmable 3D genome positioning and nuclear organization. Cell.
175 (5), 1405–1417. e14. doi:10.1016/j.cell.2018.09.013

Ward, G. E., Brokaw, C. J., Garbers, D. L., and Vacquier, V. D. (1985). Chemotaxis
of Arbacia punctulata spermatozoa to resact, a peptide from the egg jelly layer.
J. Cell. Biol. 101 (6), 2324–2329. doi:10.1083/jcb.101.6.2324

Weedall, G. D., and Hall, N. (2015). Sexual reproduction and genetic exchange in
parasitic protists. Parasitology 142 (S1), S120–S127. doi:10.1017/S0031182014001693

Weinberg, R. A. (1983). A molecular basis of cancer. Sci. Am. 249 (5), 126–142.
doi:10.1038/scientificamerican1183-126

Winklbauer, R. (1998). Conditions for fibronectin fibril formation in the
earlyXenopus embryo. Dev. Dyn. 212 (3), 335–345. doi:10.1002/(SICI)1097-
0177(199807)212:3<335::AID-AJA1>3.0.CO;2-I

Xia, W., and Xie, W. (2020). Rebooting the epigenomes during mammalian early
embryogenesis. Stem Cell. Rep. 15 (6), 1158–1175. doi:10.1016/j.stemcr.2020.09.005

Xiong, F., Ma,W., Hiscock, T.W., Mosaliganti, K. R., Tentner, A. R., Brakke, K. A., et al.
(2014). Interplay of cell shape and division orientation promotes robust morphogenesis of
developing epithelia. Cell. 159 (2), 415–427. doi:10.1016/j.cell.2014.09.007

Young, A., Lou, D., and McCormick, F. (2013). Oncogenic and wild-type ras play
divergent roles in the regulation of mitogen-activated protein kinase signaling.
Cancer Discov. 3 (1), 112–123. doi:10.1158/2159-8290.CD-12-0231

Zheng, H., and Xie, W. (2019). The role of 3D genome organization in
development and cell differentiation. Nat. Rev. Mol. Cell. Biol. 20 (9), 535–550.
doi:10.1038/s41580-019-0132-4

Zhou, B., Der, C. J., and Cox, A. D. (2016). The role of wild type RAS isoforms in cancer.
Seminars Cell. Dev. Biol. 58, 60–69. doi:10.1016/j.semcdb.2016.07.012

Zuin, J., Dixon, J. R., van der Reijden, M. I. J. A., Ye, Z., Kolovos, P., Brouwer, R.
W. W., et al. (2014). Cohesin and CTCF differentially affect chromatin architecture
and gene expression in human cells. Proc. Natl. Acad. Sci. U. S. A. 111 (3), 996–1001.
doi:10.1073/pnas.1317788111

Frontiers in Cell and Developmental Biology frontiersin.org17

Cofre and Saalfeld 10.3389/fcell.2022.1067248

https://doi.org/10.1016/j.bbagrm.2011.04.003
https://doi.org/10.1016/j.cell.2018.09.013
https://doi.org/10.1083/jcb.101.6.2324
https://doi.org/10.1017/S0031182014001693
https://doi.org/10.1038/scientificamerican1183-126
https://doi.org/10.1002/(SICI)1097-0177(199807)212:3<335::AID-AJA1>3.0.CO;2-I
https://doi.org/10.1002/(SICI)1097-0177(199807)212:3<335::AID-AJA1>3.0.CO;2-I
https://doi.org/10.1016/j.stemcr.2020.09.005
https://doi.org/10.1016/j.cell.2014.09.007
https://doi.org/10.1158/2159-8290.CD-12-0231
https://doi.org/10.1038/s41580-019-0132-4
https://doi.org/10.1016/j.semcdb.2016.07.012
https://doi.org/10.1073/pnas.1317788111
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1067248

	The first embryo, the origin of cancer and animal phylogeny. I. A presentation of the neoplastic process and its connection ...
	Introduction
	Conditions for the emergence of the first animal embryo
	The first condition: Cell fusion in unicellular holozoa
	The second condition: The germline formation


	Concluding remarks and perspectives
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


