Pre prints.org

Review Not peer-reviewed version

Coordination of Pathways in Metazoans:
An Integrated Framework

Shiping Tang,*

Posted Date: 30 May 2024

doi: 10.20944/preprints202405.1996.v1

Keywords: Pathway; Coordination; Network; Metazoans; Crosstalk; Communication

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/621532

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 May 2024 d0i:10.20944/preprints202405.1996.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Review

Coordination of Pathways in Metazoans: An
Integrated Framework

Shiping Tang

Center for Complex Decision Analysis, Fudan University, Shanghai, China; twukong@yahoo.com

Abstract: There are hundreds, if not thousands, of pathways in a unicellular prokaryotic organism, and all
these pathways will have to be controlled, regulated, and coordinated to ensure their proper functioning. As
organisms evolve from unicellular eukaryotic organisms to multicellular organisms such as the metazoans,
more pathways have evolved to support more diverse biological functions. As a result, fine-tuned control,
regulation, and coordination of these pathways becomes an immensely complex and demanding task. Yet,
consistent with Darwin’s insight that “nature is prodigal in variety, though niggard in innovation,” nature has
produced only a few master coordination hubs for these pathways. Moreover, multicellular organisms such as
metazoans have evolved two broader means for coordinating various pathways: cross-talk and
communication. Cross-talk operates via having shared components and links between intracellular pathways
whereas communication operates via transmitting intercellular signals such as hormones and other ligands
with membrane receptors and downstream intracellular signal transductions pathways. Our framework points
to a more complex network-based approach for understanding biological pathways and the consequences of
their disruption, escape, and malfunction such as cancer, aging, and other diseases.
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Introduction

About 800-600 million years ago, simple and then complex multicellular organisms emerged,
leading to the Cambrian explosion of animals and the Devonian explosion of plants (Knoll 2011).
Genuine multicellularity had evolved multiple times in different clades (Ruzi-Trillo & Nedelcu 2015;

Niklas & Newman 2016; Ros-Rocher et al., 2021).! As a result, control and regulatory machineries of
different biological pathways in different clads are necessarily different despite sharing striking
similarities. Here, we focus on (eu-)metazoans, with the hallmark of temporal-and-spatial
differentiation of soma and germ.

Overwhelming evidence suggests that an elaborate network that coordinates the various
pathways must exist. Despite a voluminous literature on specific pathways and coordination of
several pathways, however, no integrated framework that brings together functional, molecular, and
comparative mechanisms with an evolutionary perspective exists. Most existing studies focus on
individual pathways or provide only limited integrative pictures, thus capturing trees or small
bushes within the forest, but not the whole forest. With more and more components, pathways, and
cross-talks and communications among pathways being discovered every day, (clusters of) trees
grow bigger and ever more entangled with each other. As a result, the whole forest becomes so vast
and dense that it is impossible to see without a map.

This contribution seeks to provide such a map, by synthesizing existing findings, propositions,
and scattered evidence into an integrated framework. Taking modularity in the evolution of
biological systems as the starting point (e.g., Simon 1962 [1966]; Kaufmann 1993; Hartwell et al. 1999;

! Although pseudo- or quasi- multicellularity exists in bacteria and Archaea (e.g., myxobacteria,
cyanobacteria), genuine multicellularity, simple and then complex, exists only in eukaryotes (cf.
Ventura 2019).

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Bhalla 2003; McAdams et al. 2004; Saez-Rodriguez et al. 2005; Davidson & Erwin 2006; Del Vecchio
et al. 2008; Andrews et al. 2024), we contend that the coordination of the various pathways constitutes
a key task that organisms have evolved to cope with modularity so that organisms can survive and
reproduce under stress. The resulting framework brings together key aspects of cell cycle,
metabolism, differentiation, development, cancer, and aging into a more integrated framework. Most
critically, the new framework calls for an integrative network approach toward understanding the
control, regulation, and coordination of pathways (Green et al. 2018; Bechtel 2019; 2020; Forster et al.
2022). The framework also points to new directions for future inquiries.

Two caveats are in order. First, our focus is the evolution of control, regulation, and coordination
networks in metazoans rather than the evolution of individual control and regulation machineries
and pathways or the origins of metazoans. Second, although the control and regulation of the key
pathways and the coordination network of them hold extensive implications for understanding
aging, cancer, and lifespan of metazoans, we can only address these implications in a separate paper.
Here, suffice to say that any disruption, escape, and malfunction in the network of control, regulation,
and coordination brings undesired consequences that can vary from metabolism disorder, to cancer,
aging (both the cellular and the organism level), and even death to an organism. Third and most
obviously, there are hundred pathways even in a unicellular organism, and we cannot possibly
address all of them. Rather, our discussion focuses on only the most central pathways that are
indispensable for survival and reproduction and how they are coordinated.

In network and graph theory terms, every biological pathway is a network and hence can be
captured in a graph, with entities being nodes while interactions and connections between entities
being edges. A coordination hub therefore is a common node that integrates inputs (e.g., signals and
other information) and coordinates outputs (e.g., gene expressions, functions) from at least two
pathways. A major coordination hub is a machinery that integrates information and coordinates
outputs from more than two major pathways in an organism. For metazoans, a master coordination
hub is a hub that coordinates at least two or more major pathways that are critical for the proper
function of an organism, from cell cycle control, to metabolism, homeostasis, growth, stress response,
differentiation, development, programmed cell death (PCD), cancer, and reproduction. Typical
examples include the well-known RB-E2F machinery and the p53-MDM?2/4 machinery (see below for
details).

The rest of the paper unfold in four sections. Section 2 identifies the foundational pathways from
LUCA (the last universal common ancestor) to LECA (the last eukaryotic common ancestor) and then
discusses how coordination of the various key pathways is achieved in LECA. Section 3 focuses on
new coordination tasks and key pathways in metazoans and then addresses how coordination of the
various key pathways is achieved. Section 4 highlights some key features of the coordination network
in metazoans. Section 5 draws some initial implications of our framework for understanding cancer,
aging, and lifespan.

2. The Foundations: From LUCA to LECA

Eukaryogenesis via endosymbiosis was a major transition that paved the way for the evolution
of metazoans. By any measure, LECA was already a very complex cell (Domazet-Loso & Tautz 2010;
Niklas & Newman 2016; 2020; Ruiz-Trillo 2016; Sebé-Pedrds et al. 2017). In fact, many key control
and regulatory pathways had evolved in LECA before the coming of pseudo-multicellularity in
eukaryotes. These pathways all have a similar structure with three sets of components:
sensor/monitor, trigger/regulator (including check points), and executor/effector, often with feedback
loops (see Figure 1 for a schematic representation). Here, we focus on six key pathways that are
essential for LECA to survive and reproduce.

Evidently, all these pathways need to be coordinated. Remarkably, consistent with Darwin’s
insight that “nature is prodigal in variety, though niggard in innovation,” nature has produced only
a few master coordination hubs for these pathways. We focus on the first three master coordinator
hubs that must have evolved in LECA, the RB-E2F machinery, the PTEN machinery, and the TOR
complex machinery.
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Figure 1. The schematic structure of coordination hubs and pathways in LECA.
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Moreover, nature has evolved two broader mechanisms for coordinating these pathways, with
each broader categories containing one or two sub-categories (Table 1). The first is cross-talk, which
operates only intracellularly. The second category is communication, which operates both
intracellularly and extracellularly.

In unicellular eukaryotic organisms, cross-talk operates via having shared components and
(indirect) links via coordination hubs that integrate signals from different pathways. In contrast,
regular communication operates via signals between different cellular apparatuses (e.g., chromatin)
and organelles (e.g., the nucleus, the mitochondria) under normal conditions, whereas irregular
communication operates via sensing extracellular stresses, damages, and genetic invasions. They are
schematically summarized in Table 1.

Table 1. Means of coordination in unicellular eukaryotes since LECA.

Type Sub-category Example
Direct:  via: 1)  shared
components and links, and 2)

1) the cell cycle and the Ub

Cross-talk regulation of the expression of system
(intracellular) 8 P 2)  the cell cycle and RB-E2F

downstream genes.

Indirect: via coordination hubs. RB-E2F, PTEN, TOR

B h 1 1
Intra-cellular (and Regular and irregular: between etwe(.en the fuciens, cytop asth, and
. , the mitochondria, vis targeting and
intra-body) different cellular apparatuses ) )
R regulation of gene expression.

communication and organelles

Intracellular stress signals.

Regular and irregular: between Food and waste, nutritional changes,
the organism and the external extra-body stresses, damages, and
environment invasions.

Extra-cellular  (and
extra-body) exchange?

2.1. Six Central Pathways to Be Coordinated

DNA replication & repair system. Even before LECA, key components and machineries
involved in DNA replication and repair had evolved because they are indispensable for reproduction
as replication (Trigos et al. 2017; 2018; 2019). Within this replication and repair system, some of the
key components are the first set of the so-called “caretakers” in oncogenesis in metazoans (Domazet-

2 For a complete picture, we also include “(extra-body) exchange”, denoting the relationship
between an organism and its environment.
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Loso and Tautz 2010; Aktipis et al. 2015). These genes thus had not evolved to prevent cancer per se:
cancer does not exist in unicellular organisms.

Notably, chromosome, as a coordinator of replicators, might have evolved quite early, most
likely in LUCA and before the bifurcation of bacteria and Archaea (Smith and Szathmary 1993).

In eukaryotes, circular chromosomes become chromatins with a linear structure. The coming of
chromatin makes the maintaining of genome integrity and regulation of chromatin activities in
different phases of cell cycle and responding to different stresses far more elaborate and fine-grained.
This was largely achieved via cross-talk and communication with other major pathways (e.g., cell
cycle control, autophagy) discussed below.

Heat shock response and the Ubiquitin(-like) System. Both the heat shock response (HSR)
system and the ubiquitin (Ub) system are essential for cellular homeostasis and survival under stress.
These two machineries must have come to exist very early on and all subsequent organisms contain
these two machineries. In fact, some components in the HSR must have been some of the earliest
molecules to be firmly integrated and retained by LUCA. Unsurprisingly, major heat-shock proteins
(HSPs), such as Hsp100, Hsp90, Hsp70, Hsp60, and other small HSPs are highly conserved across the
three domains (Akerfelt et al. 2010; Richter et al. 2010).

Like HSR, the Ub system is also indispensable for survival under stress via maintaining
intracellular homeostasis (Gwong et al. 2021; Krause et al. 2022; Sheng et al. 2024). Indeed, the Ub
system plays a key role in the regulation of almost all cellular processes because it is central to
intracellular protein degradation (Varshavsky 2012).

Ubiquitin is universally conserved in eukaryotes while UBLs (Ub-like proteins) and URMs (Ub-
related proteins) are highly conserved in Bacteria and Archaea (Hochstrasser 2009; Richter et al. 2010).
Whereas bacteria and most Archaea do not possess the Ub system, at least one particular Archaea
group, Caldiarchaeum subterraneum does, and it does not appear to be a result of horizontal gene
transfer (Nunoura et al. 2011; Grau-Bové et al. 2014; Koonin and Yutin 2014; James et al. 2017). Thus,
UBLs and UBMs might have been early inventions that were essential for the survival of LUCA, and
an Ub or UBL system had already existed in some Archaea lineages and LECA, and the Ub system
then had a major evolutionary burst, from Archaea to LECA (Grau-Bové et al. 2014).

SUMOs (small ubiquitin-like modifiers) are also present in all eukaryotes and regulate a host of
cellular functions (Vertegaal 2022; Hendriks & Vertegaal 2024). Remarkably but unsurprisingly, the
Ub system and the SUMO system not only have extensive cross-talks but share a similar
configuration with the E1/E2/E3 cascade and DUBs (de-ubiquitinase) for writing and erasing the
Ub/Ub-like codes (Komander & Rape 2012; Hunsnjak & Dikic 2012).

Both the Ub system and the UB-like SUMO system regulates cell cycle, gene expression (via
modifying the chromatin structure, e.g., by Ub-modification of histones), autophagy, metabolism,
mitochondria stress response, and other key functions via highly specific post-translational
modifications of key proteins such as histones and the histone chaperon FACT (PTMs; Eifer &
Vertegaal 2015; Mattiroli & Penengo 2021; Vaughan et al. 2021; Vertegaal 2022; Luo et al. 2023).

Moreover, HSR and the Ub system crosstalk with each other extensively. In fact, ubiquitinization
is essential for recovery after heat shock (Gwong et al. 2021; Maxwell et al. 2021). Later on, these two
systems will be co-opted and integrated with other control and regulatory pathways. For example,
the Ub system and Ub-like systems are intimately connected with autophagy, which had evolved
only in eukaryotes while both Ub and UBL systems play critical role in chromatin configuration,
genome stability, and gene expression (Mattiroli & Penengo 2021; Vaughan et al. 2021; Vertegaal
2022; Luo et al. 2023).

Cell cycle control. Even unicellular eukaryotic organisms have a tightly controlled cell cycle.
Hence, key machineries of eukaryotic cell cycle control must have already been present in LECA
(Hernansaiz-Ballesteros et al. 2021). The overall picture of cell cycle control is now well understood.
The cell cycle consists of four phases: G1, S1, G2, and M. Entry into each phase is governed by
checkpoints that are designed to ensure that proper preparations are in place for a cell to entry the
next phase. Unsurprisingly, cell cycle control is tightly coordinated with DNA replication and repair,
gene expression, cell size growth, and extracellular signals.
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Cell cycle control is essentially a stress-response system: a eukaryotic organism cannot survive
or reproduce without a normal cell cycle that is tightly coupled with DNA replication and repair
(Basu et al. 2022). Thus, while cell cycle control almost inevitably breaks down in cancer cells
(Matthews et al. 2022), it did not evolve for preventing cancer.

Mitochondria as the energy and metabolism hub. Undoubtedly, a central feature of eukaryotes
is the coming of mitochondria as the energy hub and hence the center for metabolism (Spinelli &
Hagis 2018). Although both the exact origin of mitochondria and the rough timing of its acquisition
by the Archean ancestor of LECA remain unsolved issues (Poole & Gribaldo 2014; Roger et al. 2016;
Zachar & Szathmary 2017), LECA must have possessed the mitochondria (Dacks et al. 2016). The
introduction of mitochondria also brought some key ancestral components of the apoptosis pathway
into LECA (Ameisen 2002; Klim et al. 2018).

With mitochondria, eukaryotes can now support far more structural complexities and functional
activities than prokaryotic organisms (Lane and Martin 2010; Lane 2015; cf. Booth & Doolittle 2015).
More critically, metabolism and energy production by the mitochondria must now be closely
coordinated with the cell cycle (Franco & Serrano-Marin 2022).

Most critically, because there are now two sub-systems of inheritance (i.e., nucleus and
mitochondria), LECA needs to control, regulate, and coordinate the two sub-systems.

Autophagy. Autopage is essentially a housekeeping machinery for homeostasis. Autophagy is
central to the integrated stress response apparatus, including mitochondria stresses, heat shock, and
other stresses such as starvation and oxidative stress (White et al. 2021).

A complete machinery of autophagy is fully present in unicellular eukaryotes (Kroemer & Levin
2008; Kroemer et al. 2010; Jiang et al. 2010; Rabinowitz & White 2010; Mizushima & Komatsu 2011;
Shen & Codogno 2012). In fact, key components of ATG already existed in the Archean ancestors of
LECA (Zhang et al. 2021). Moreover, the Ub-system plays a critical role in the autophagic process of
stress responses (Maxwell et al. 2021; Gwong et al. 2021). Indeed, both ATG8 and ABT12 in autophagy
are UBL proteins, thus connecting ATG with the UBL system (Zhang et al. 2021).

2.2. Coordination Hub-1 in LECA: The RB-E2F Pathway

The coordination of six major pathways noted above must have evolved along with the
pathways. Most likely, coordination of the DNA replication-repair system, HSR, and the Ub system
had already been achieved between LUCA and LECA. By LECA, a fairly tight coupling of DNA
replication-repair, cell growth, and cell cycle control must have existed, although the exact
mechanism of the coordination remains somewhat unclear (Jvrebé et al. 2023).

Both chromatin (as the apparatus hosting genetic material) and the mitochondria (as the
metabolism and energy hub) must have evolved in LECA. The former is central for genetic replication
and genomic stability whereas the latter is for survival. Moreover, the mitochondria first came to
present as an alien object in LECA. For direct controlling of the mitochondria, LECA gradually moved
many genes of the original alpha-proteobacteria to the nucleus. The host LECA cell, however, also
evolved mechanisms for the mitochondria to control, regulate, and coordinate activities and
functions in other parts of the cell (Monaghan & Whitmarsh 2015).

Besides direct control, a central coordination hub or machinery in eukaryotes emerged in LECA,
and this is the RB-E2F system. RB is the first master coordinator in eukaryotes. Three sets of evidence
suggest that the RB-E2F system is the first master coordination hub.

First, RB exists in almost all eukaryotic organisms (Takemura 2005; Cao et al. 2007; Hallman
2009), and its ancestor might have even existed in Archaea and poxvirus. Second, RB-E2F can regulate
cell cycle, mitochondria, HSR, the Ub system, and autophagy, by directly and indirectly interacting
and regulating with more than several hundred proteins, many of them are key components in more
specific control and regulation pathways (Engeland 2022).

The exact mechanisms through which RB and RBL1/RBL2 control, regulate, and coordinate a
vast array of critical activities via the central pathways noted above are now well understood (Giacinti
& Giordano 2006; Sadasivam & DeCaprio 2013; Engeland 2022), although new discoveries have
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continued to emerge. Overall, RB-E2F exerts its effects through six distinct yet overlapping
mechanisms.

First, RB controls cell cycle (including replication and division) via a very intuitive mechanism:
cell size via growth. Cell growth dilutes the concentration of RB as the cell cycle inhibitor to trigger
cell division in human cells (Zatulovskiy et al. 2020). Remarkably, although yeast Whi5 has no
sequence homology with Rb, yeast Whi5 also controls cell division via diluting the level of Whi5
protein in cells (Huang et al. 2009; Desvoyes et al. 2014; Hasan et al. 2014; Schmoller et al. 2015). Whi5
also interacts with SBF/MBF, an E2F analogue in yeast. Whi5 and RB are thus functionally

equivalent.? This suggests that controlling cell division with a cell size sensor (either RB or Whi5) has
been an ancient and foundational mechanism of regulating cell cycle in eukaryotic organisms.

Second, with a network of interactions and post-translation modifications (PTMs), RB regulates
cell size, chromatin modification, and transcription via cyclin complexes, cyclin-dependent kinases
(CDKs), and CDK inhibitors (CKIs). The key regulatory mechanism is via phosphorylation of
different sites of the RB protein: CDKs phosphorylate RB and release E2Fs from the RB-F2F complex,
and E2F is a master transcription factor that controls the expression of a host of genes critical for cell
cycle progression. For instance, the expression of CDC6 (cell division cycle protein 6) gene, a key cell
cycle checkpoint that is highly conserve from yeast to human, is also regulated by E2F (Yan et al.
1998). Meanwhile, p16!™Nk4 (CDK inhibitor 2A) and p15™&4 (CDK inhibitor 2B) as key CKIs, can block
CDKs from phosphorylating RB thus lock E2F within the RB-E2F complex (Kim & Sharpless 2006;
Kent & Leone 2019).

Third, RB regulates mitochondria functions and protects mitochondria under stresses. Loss of
RB impacts mitochondria functions extensively (Nicolay et al. 2015), suggesting that RB was an early
protector of mitochondria functions.

Fourth, RB controls and coordinates survival (including metabolism) and replication, including
stress responses (Dick & Rubin 2013; Desvoyes et al. 2014; Harashima & Sugimoto 2016). DNA
damages can arrest cell cycle via the RB pathway. In C. elegans, Lin-53, the RB homologue, responds
to starvation-induced stress (Cui et al. 2013; Lavie et al. 2018; Thomas et al. 2018; see also Zhu et al.
2020).

Fifth, E2F, as a family of transcription factors, can regulate the expression of many genes that are
critical for a host of cellular pathways and functions. Thus, by regulating the activity of E2F, the RB-
E2F complex can regulate, control, and coordinate numerous pathways (Kent & Leone 2019;
Emanuele et al. 2020). Moreover, E2F and p53 (see below) often work together in regulating key
pathways (Polager & Ginsberg 2009).

Finally, RB might have been the original germline protector before the divergence of fungi, plant,
and animals. When under stress, the RB homologue (lin-35) in C. elegans regulates germ cell apoptosis
by blocking ced-9, the homologue of bcl-2 in C. elegans (Schertel & Conradt 2007). Furthermore, RBBP-
6, an RB-binding protein that is an E3-Ub ligase is highly conserved from unicellular organisms to
plants and animals, regulates fertility by controlling cell proliferation in the germline in C. elegans
(Huang et al. 2013).

Unlike metazoans, plants do not have a differentiated germline in early embryogenesis. Instead,
the germline of plants is established de novo from somatic cells in reproductive organs. Yet, RBR1, the
RB homologue in plants, plays similar regulatory roles in plants (Park et al. 2005; Biederman et al.
2017). Most strikingly, RBR1 also regulates germline entry in Arabidopsis (Zhao et al. 2017), and RBR1
also functions as a coordination hub of diverse pathways in plants (Desvoyes et al. 2014; Harashima
and Sugimoto 2016).

Because plants have an RB pathway but not the p53/p63/p73 pathway (which is unique to
animals), these findings suggest that RB had germ line protection function before the divergence of
fungi, plant, and animals, and this function had only been gradually weakened after the coming of

3 RB-E2F is perhaps more useful for aerobic than anaerobic metabolism, and (most) metazoans are
aerobic. This also suggests that RB-E2F is indispensable for genuinely multicellularity in metazoans
(Attardi & Sage 2013).


https://doi.org/10.20944/preprints202405.1996.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 May 2024 d0i:10.20944/preprints202405.1996.v1

7

p63/p73/p53 genes in metazoans (see the discussion below). Indeed, CEP-1, the only p53 gene in C.
elegans, does not regulate germline (Rutkowskiu et al. 2010).

2.3. Two Additional Coordination Hubs in LECA: PTEN and TOR

PTEN (phosphatase and tensin-homologue) and TOR (target of rapamycin) are two other master
coordinators evolved in LECA. Originally discovered as a key tumor suppressor in human (Yin and
Shen 2008; Hopkins et al. 2014; Chen et al. 2018; Parsons 2020; Fan et al. 2020), PTEN is a non-
redundant lipid phosphatase with additional non-enzymatic functions. PTEN has been shown to play
key roles in the control, regulation, and coordination of cell growth, cell size, cell (hyper-)
proliferation, aging, apoptosis, development, metabolism, chromosome stability, and tumor
suppression from yeast (known as TEP1 in yeast) to human. The origin of PTEN is therefore at least
comparable to RB.

In planarians, PTEN is key to cellular (hyper-)proliferation in regeneration after lesion, which is
a form of stress response (Oviedo et al. 2008). Thus, PTEN is also a key component of another stress-
response apparatus for survival (Alvarado 2012). Furthermore, PTEN has been hypothesized to be a
thrifty gene in needy time (Venniyoor 2020).

PTEN can reside in both the cytoplasm and the nuclei, and it interacts with a host of proteins to
regulate diverse functions. Moreover, not only the transcription of PTEN gene is tightly regulated
during transcription, PTEN protein is also finely regulated by various PTMs, including acetylation,
phosphorylation, and ubiquitination (Lee et al. 2018). Nuclear PTEN protein can interact with a host
of key regulators of genome stability and transcription, including the centromere-specific binding
protein-C (CENP-C) and the anaphase-promoting complex (APC/C) E3 ligase. Meanwhile,
cytoplasmic PTEN protein regulates AKT, a serine-threonine protein kinase, which in turn regulates
the PI3K (phosphatidylinositol 3-kinase), the anchor of the PI3K pathway (Chalhoub & Baker 2009;
Parsons 2020). Thus, PTEN interacts with the TOR pathway, another crucial coordination hub in
metazoans.

The TOR complexes (TORC-1 and TORC-2) were discovered as the target of rapamycin, with
the TOR protein being its anchor (for a historical recount, see Sabatini 2017). Whereas PTEN is a lipids
phosphatase, TOR protein is a serine/threonine protein kinase. Like PTEN, the TOR gene is highly
conserved in all eukaryotes. Moreover, key components of the TORC-1 and TORC-2 complexes such
as TSC-1 and TSC-2 are also highly conserved (Serfontein et al. 2010; van Dam et al. 2011; Beauchamp
& Platanias 2013; Tatebe & Shiozaki 2017).

TORC-1 and TORC-2 control, regulate, and coordinate a host of functions and pathways, from
nutrition, metabolism, homeostasis, growth, proliferation, aging, to cancer. TORC-1 and TORC-2
possess different but some overlapping functions. The TORC-1 pathway integrates signals from
growth factors and mitogens. TORC-1 also responds to amino acid and other nutrients, via the Rag-
GTPase within GATOR1 and GATOR2 complexes. TORC-1 thus is key to nutrient sensing (Goul et
al. 2022). Together, the TORC1 pathway integrates signals from growth factors, mitogens, and
nutrients with biosynthesis and autophagy.

Meanwhile, the TORC-2 pathway is critically regulated by the AKT-PI3K pathway. The AKT-
PI3K-TORC-2 pathway thus integrates not only extracellular signals ranging from stress, oxygen,
energy, nutrients, and growth factors but also intracellular pathways such as autophagy, metabolism,
stress-response, homeostasis, and biosynthesis. Together, the TORC-1 and TORC-2 pathways
transduce a host of signals to downstream pathways via numerous upstream regulators and cross-
talks with other pathways (for reviews, see Gonzalez & Rallis 2017; Liu & Sabatini 2020; Thorner
2022).

While PTEN and TORC-1/2 coordinate pathways that are different from RB and p53, there are
striking similarities between how PTEN and TORC-1/2 operate and how RB and P53 operate as
coordinators. Moreover, PTEN cross-talks with the TORC-1/2 pathway via the AKT-PI3K pathway,
which also regulates mitochondrial functions (Oviedo et al. 2008; Sengupta et al. 2010; Millela et al.
2017). Meanwhile, autophagy and mitochondria are connected via the TORC-1 (Thomas et al. 2018),
and TORC-1 also regulates Mitochondrial Integrated Stress (MIS; Khan et al. 2017). Finally, there are
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extensive cross-talks among RB, PTEN, TORC-1/2, and p53 (see section 3 below). Altogether, these
coordination hubs have managed to coordinate all the pathways in eukaryotes since LECA (Figure
1).

Later on, these coordination networks were co-opted and integrated into a more complex
control, regulation, and coordination network in more complex multicellular organisms, including
metazoans.

3. New Coordination Challenges and Solutions in Metazoans

The evolution of simple and then complex multicellularity, including metazoans, has been a
major transition (Sathmdary & Smith 1995). A hallmark of this transition has been the transition from
temporal differentiation (i.e., a life cycle) to spatiotemporal differentiation and integration of cell
types, tissues, and organs (Mikhailov et al. 2009; Sogabe et al. 2019; see also Michod et al. 2006). More
complex development and differentiation in metazoans then led to the next landmark breakthrough:
the spatial separation of soma and germline (Woodland 2016, 7-8). This soma-germline differentiation
requires a new coordination machinery.

3.1. Sex and Soma-Germline Differentiation as Stress Response

In simple animals (e.g., planaria, sponges, Hydra), soma and germline are not so clearly
differentiated: both cell types can be generated from similar or identical stem-cell like populations
(Woodland 2016, 9-11). In contrast, soma and germline are clearly differentiated both temporally and
spatially in complex animals. By relieving soma cells of the duty of reproduction, soma cells can
differentiate into all kinds of tissues and organs that fulfill many diverse functions, and thus allow
organisms to adapt to various new niches.

Protecting reproduction (i.e., the germline) under stress, however, remains a central task. In fact,
sex itself might have originated as a stress response, often induced by damages (Michod 1998; 2005;
2011; Michod & Nedelcu 2003; Nedelcu et al. 2004; Nedelcu 2005; see also Lane 2015).# This holds
true even in in bacteria: fundamentally, sex in bacteria is a repairing system.

The spatial separation of soma and germline almost always involves putting the germline within
the organism and preventing it from facing the environment directly: Reproduction is now more
protected. The protected germline, foremost embodied in macrogametes (i.e., eggs) has been an
adaption for retaining reproduction potential under stress, including limitation or depletion of food
resources, genetic damages, external invasions, and other inimical conditions (Kerszberg &
Wolpert 1998; Wolpert & Szathmary 2002; Woodland 2016).

Unfortunately, the spatial separation of soma and germ also entails a partial de-coupling of
survival and reproduction, which makes the coordination of survival and reproduction much more
demanding. More concretely, the spatial separation of the soma specialized in survival and the
germline specialized in reproduction requires the reorganization of the two fitness components,
namely, survival and reproduction (Michod 2003; 2005; 2011; Michod & Nedelcu 2003). In complex
metazoans, therefore, a new challenge results: the control, regulation, and coordination of cellular
growth/division, development, and reproduction rather than of growth/division alone as in
unicellular organisms.

In other words, life has evolved from a state of little or no conflict between survival and
reproduction in unicellular organisms to a state of serious conflict between survival and reproduction
in simple multicellular organisms but more so in complex metazoans. This results in a critical
tradeoff: even though survivability came before replicability, organisms now can, and often need to,
sacrifice some soma for the germ when under stress. In short, some soma becomes disposable to
reproduction (Kirkwood 1977; 2005; Michod et al. 2006; Michod and Nedelcu 2003). The spatial

* In this sense, sex itself should not be considered to be a major transition (Herron 2021; see also
Michod 2011, 186-9). More appropriately, sex laid a key foundation for the emergence of more
complex individuality in multicellular organisms, as an unintended consequence.
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differentiation of germ and soma in metazoans thus requires the coordination of survival as an
organism and reproduction of the organism via controlling, regulating, and coordinating the major
pathways under normal and stressful conditions. This new coordination task is a fundamentally new
challenge.

Besides de novo innovations (e.g.,, PCD, p53), metazoans cope with this new challenge by
coopting existing components and pathways and adding new twinkles. For effective and efficient
coordination, this is the most efficient way (Simon 1962 [1996]). Thus, some key components for cell
cycle control, PCD, and germline-soma differentiation had evolved in LECAs and unicellular
animals, but were later recruited into other key pathways such as PCD and soma-germline regulation
in metazoans (Fairclough et al. 2013; de Mendoza et al. 2015; Ruiz-Trillo 2016; Sebé-Pedros et al. 2017).
This is most evident in the (co-)evolution of the PCD, which is indispensable to proper germ-soma
differentiation.

3.2. Programmed Cell Death as Stress Response

The second major new pathway in metazoans is regulated/programmed cell death (R/PCD),
which includes apoptosis, necropotosis, and pyropotosis, collectively known as PANoptosis (Tang et
al. 2019; Bertheloot et al. 2021; Tang & Kang 2022).5 For metazoans, PCD is essentially a more fine-
tuned and versatile homeostasis-maintaining system than autophagy. And because PCD is a
homeostasis-maintaining system, PCD came to play a key role in tumor suppression later on in
metazoans with long lifespan, as a byproduct.

Most likely, soma-germ differentiation and PCD had co-evolved together as stress response for
multicellular organisms (Raff 1992; Kirkwood 1997; 2005; Conlin & Ratcliff 2016), because PCD is
indispensable to development and differentiation of metazoans, including the normal differentiation
and development of germline and protecting the germline under stress (Baum et al. 2005; Aitken et
al. 2011). Fundamentally, PCD is also a stress response machinery (Hofmann 2020), much like HSR
that had evolved earlier in LUCA.

Again, while PCD is a new pathway to metazoans, PCD builds upon components and pathways
existing in unicellular organisms. Here, it is critical to point out that although some PCD components
may be present in prokaryotes, unicellular eukaryotes (e.g., fungus), and unicellular animals (e.g.,
choanoflagellates) with important functions (Ameisen 2002; Koonin & Aravind 2002; Nedelcu 2009;
Nedelcu et al. 2011; Klim et al. 2018; Aouacheria et al. 2013; Aktipis et al. 2015; Banjara et al. 2020),
PCD becomes only indispensable in multicellular organisms (Conlin & Ratcliff 2016, Hofmann 2020).
This is so because for unicellular organisms without at least a multicellular stage, PCD cannot be
evolutionary meaningful (Raff 1992; Ameisen 1996; Koonin & Aravind 2002; Bayles 2014; Durrand &
Ramsey 2019).

Thus, although some components of PCD pathways may be present in yeast, it is unclear
whether PCD occurs in natural environment for yeast. In lab conditions, (induced) apoptosis as the
only form of PCD in yeast is quite different from PCD in metazoans. Moreover, components of PCD
in yeast do not have the same repertoires of control and regulation as it has in complex metazoans
(Hofmann 2020).° In contrast, apoptosis in Hydra is almost indistinguishable from apoptosis in
higher animals, with both caspases and members of the Bcl-2 family participating in the process
(Bottger & Alexandrova 2007, 139-140).

Apparently, the intrinsic pathway of PCD, centered upon mitochondria and cytochrome-c, came
earlier than the extrinsic pathway centered upon tumor necrosis factor (TNF) receptors and death
receptors: these receptors came to exist only in metazoans whereas mitochondria came to exist in

> Regulated cell death is perhaps a more fitting term than the more widely known programmed cell
death (PCD). It is now commonly accepted that ferroptosis is not a distinct form of PANoptosis. For
instance, ferroptosis is also connected with mitochondria and the p53 pathway.

¢ Thus, components of PCD pathways in unicellular eukaryotes may function primarily as part of
the mitochondria regulating or protecting machinery.
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LECA. After the coming of metazoans, PCD becomes more and more complex and elaborate as
metazoan organisms becomes more and more complex.

3.3. The New Coordination Hub in Metazoans: p53

The evolution of new coordinating hubs must have accompanied the evolution of control and
regulation pathways themselves. Metazoans did evolve a new coordination hub, the p53/p63/p73
machinery (Levine 2020). Moreover, the new hub and old hubs crosstalk with each other extensively.
Altogether, these coordination hubs connect all the key pathways to ensure a close coordination for
organism’s survival and reproduction under stress, partly by managing the inherent tradeoffs
between survival and reproduction at the cellular and the organism level in multicellular organisms
(Michod 2003; 2005; 2007; Michod et al. 2006).

The p63/p73/p53 gene exists only in animals, including unicellular choanoflagellates, with
Capsapora owczarzaki containing one gene (p63) while Monosigia brevicollis contains a hybrid of p63
and p73. This suggests that p63 had already been duplicated to produce p73 in M. brevicollis (Nedelcu
& Tan 2007; Levine 2020).

Quite likely, the hybrid p63/p73 gene had first evolved as a germline protector and not played
any role in soma regulation in early metazoans. Early metazoans, including Placozoans and
Cnidarias, all contain the p63/p73 hybrid gene that clearly functions as a key protector of the germline
(Pankow& Bamberger 2007). CEP-1, the only p53 family gene in C. elegans, also functions in protecting
germline by regulating apoptosis (Belyi et al. 2010; Détsch et al. 2010; Rutkwoski et al. 2010). In
mammalians, p63 still protects the female germ line (Suh et al. 2006). All these findings suggest that
p63 and then p63/73 are the more ancient members of the p53 family and their function as a germline
protector has been extremely conserved.

Moreover, p63/p73 does not seem to play a role in regulating soma functions. MDM2, an E3
ubiquitin ligase highly specific for p53, is a critical partner of p53 in regulating somatic functions
(Siau et al. 2016). In contrast, the p63/p73 gene does not require MDM2 to function.

Notably, poriferas (sponges) lack both the p53/p63/p73 gene and the MDM2 gene.” In sponges,
choanocytes retain totipotency (i.e., they can regenerate the whole organism). As such, sponges do
not have irreversible soma-germ differentiation. When this is the case, p63/p73 has no indispensable
role in maintaining the soma-germ differentiation.

Meanwhile, Cnidaria (hydra and sea anemone) has p63/p73, which does not seem to interact
with MDM2. C. elegans does not have MDM2 either (Aberg et al. 2017). Moreover, the single p53
family gene in Hydra, C. elegans, and Drosophila melanogaster is closer to the p63/p73 gene, and neither
Hydra nor C. elegans develops cancer while Hydra does not seem to experience aging (Danko et al.
2015). D. melanogaster also lacks the MDM?2 gene.

The p53 gene came to exist via another gene duplication: this marks the birth of a dedicated
master protector and coordinator for the (disposable) soma in metazoans. MDM2 came to exist only
in metazoans since choanoflagellates do not possess MDM2 (Aberg et al. 2017). Thus, unicellular
animal organisms lack the p53/MDM2 pathway, at least a complete one. In contrast, Trichoplax
possesses a single p63/p73 hybrid gene and a single MDM2 gene, and the p53/MDM2 pathway is
already functional (Siau et al. 2016). Together, these sets of evidence suggest that MDM?2 is essential
for p53’s function of regulating soma.

When in place, the p53-MDM2 machinery came to occupy a central place in the regulation of
soma, and p53-MDM2 is thus the first master controlling, regulating, and coordinating hub dedicated
to the protection of the “disposable” soma (Alvarado 2012; Aberg et al. 2017; Panatta et al. 2021). The
many roles of the p53-MDM?2 coordinating machinery in diverse pathways of cell cycle, genome
stability, apoptosis, aging, metabolism and cancer etc. have been a byproduct of its functions in the

7 This fact is consistent with the more recent finding that ctenophores (comb jelly fish), rather than
poriferas are the more likely sister group to all other animals (Schultz et al. 2023). See also Whelan
et al. 2017.
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control, regulation, and coordination of survival and reproduction under stress (for reviews, see
Lazano & Levine 2016; Levine 2020).

First, p53-MDM2 controls and regulates stress response in soma, including HSR and PCD.
Different stress stimuli, including chronic low-dose DNA damage and nutrient starvation, can
activate p53 (Mello & Attardi 2018). p53-MDM2 also promotes homeostasis by regulating autophagy
in stress response (Jiang et al. 2010; Maiuri et al. 2010; White 2016; Shi et al. 2021) and metabolism
(Rabinowitz & White 2010). As a result, p53-MDM2 connects key homeostasis pathways (i.e., HSR,
autophagy, PCD) with metabolism and the cell cycle. Very critically, p53 proteins in two different
locations performs different but interconnected roles. Whereas nuclear p53 regulates transcription of
autophagy genes (ATGs), cytoplasmic p53 on the membrane of mitochondria induces apoptosis.
Intuitively, all these pathways and functions can be understood as stress responses (Broz et al. 2013;
Mello & Attardi 2018).

Second, p53 controls stem cell proliferation with PCD (Belyi et al. 2010). In planarian, the single
P53 gene also regulates the proliferation and self-renewal of the adult stem-cell lineage (Pearson &
Alejandro 2010; Siau et al. 2016). The stem-cell system is essentially a system for repair and renewal
of the soma after stresses and lesions.

Altogether, the p53/MDM2 machinery is a central hub for controlling, regulating, and
coordinating stress responses for the soma in complex metazoans, responding to almost the entire
spectrum of stresses. Because the p53-MDM2 pathway is so central in the control, regulation, and
coordination of almost all the central pathways (e.g., PCD, metabolism, autophagy) in soma, its
disruption and malfunction unsurprisingly often lead to aging, cancer, and other undesired outcomes
(Mello & Attardi 2018; Levine 2020).

The p53-MDM2 machinery, however, did not originate as tumor suppressors. Instead, it had
first evolved as a stress-response machinery for protecting the soma in order to protect reproduction
capacity even under stress. Indeed, p53’s tumor suppressing function does not have to coincide with
its stress response function. After all, the single p53 gene in both C. elegans and D. melanogaster
does not have any tumor suppressor function yet still retains stress response function (Alvarado
2012). Interestingly, while both C. elegans and D. melanogaster lack MDM2 (Lane & Verma 2012), the
latter develops cancer while the former does not. This suggests that MDM2 is not essential for p53’s
tumor-related functions.

4. Coordination in Metazoans: Cross-Talk and Communication

Adding the two new major pathways (i.e., soma-germ differentiation and PCD) in metazoans to
the six major pathways already present in LECA (i.e., DNA replication and repair, cell cycle control,
HSR, Ub, mitochondria, and autophagy), the coordinating task for these pathways becomes even
more demanding. Unsurprisingly, metazoans have evolved a far more complex and elaborate
network for coordinating these key pathways. Moreover, metazoans have evolved more complex
means of cross-talk and communication, by coopting and extending machineries from its unicellular
ancestors, in addition to de novo innovations. Metazoans thus retain all the means of cross-talk and
communications but add many new weaponries to its arsenal, especially for communication. Most
prominently, there is now regular extracellular communications: different cell types, tissues, and
organs have to communicate with each other via hormones and other ligands with membrane
receptors and downstream intracellular signal transductions to specific pathways. Obviously, the
level of “intra-body but extra-cellular communication” is the one that distinguishes genuine
multicellular organisms such as metazoans from unicellular organisms. They are schematically
summarized in Table 2.
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Table 2. Cross-talks and communications in metazoans: a more complex picture.

Type Sub-category Example

Direct: via 1) gene )
) . RB-E2F and p53-MDM2; apoptosis and
expression, 2) via shared

Cross-talk (intra- : autophagy
components and links

cellular) ) ] o
Indirect: via coordination

hub.

Regular and irregular: Between the nucleus, cytoplasm, and the

RB-E2F, PTEN, TOR, p53-MDM2

Intra-body and intra- ) ] ] ] ]

flul between different cellular mitochondria, vis targeting and

cellular

L. apparatuses and organelles regulation  of gene  expression.

communication )
Intracellular stress signals.

Intra-body but extra- Regular and irregular: Hormone (e.g., insulin) and other
cellular between  different cell extracellular ligands (e.g., lipids). Other
communication® types, tissues, and organs.  intra-body stresses as signals
Food and waste, seasonal change,

Regular and irregular: nocturnal cycles, and other extra-body
Extra-body (and extra- ) )

between the organism and inputs and outputs.
cellular) exchange i )

the external environment Extra-body stresses, toxins, damages, and

invasions.

4.1. Crosstalk: Direct

Direct crosstalk is a primary means for coordination. To begin with, all the stress response
pathways are coordinated by an elaborate network with built-in extensive crosstalk between the
pathways. Because after a period of stress, some cells may not recover, these cells will have to be
cleansed from an organism’s body, Thus, DNA repair, HSR, Ub/UBL, and autophagy, as stress
response pathways already evolved in LECA, must be coordinated with PCD to form the core
network for survival under stress (Eisenberg-Lerner et al. 2009; Shen et al. 2012; Ouyang et al. 2012;
Yonekawa & Thorburn 2013; Fuchs & Steller 2015). Together, they also protect the germline (Bialik et
al. 2010; Kroemer et al. 2010). Unsurprisingly, the coordination of these pathways is achieved by a
network with shared components (e.g., caspases, HSPs, and Bcl-2) and overlapping (sub-)pathways,
with new pathways building upon existing ones and drawing from existing components.

PCD, HSR, and autophagy are intimately connected in several ways to form the more complex
and more sophisticated homeostasis system in metazoans (Kennedy et al. 2014; Fuchs & Steller 2015).
For instance, HSPs interact and regulate all three PCD pathways, by interacting with Bcl-2 and Bax
(Tang and Kang 2022). Indeed, Hsp70, as one of the most conserved proteins across the three
domains, is a key regulator of apoptosis (Beere et al. 2000). Meanwhile, the chaperon-mediated
autophagy pathway centers upon Hsc70, a Hsp70-homologue with 80% homology to Hsp70. Beclin-
1, a Bcl-2/BclXiinteracting protein, is a homologue of a yeast autophagy protein ATG6. Moreover, as
a scaffolding molecule of the class III phosphoinositol-3-kinase (PtdIns3K) complex, Beclin-1 also
plays critical roles in apoptosis, autophagy, cancer, and metabolism (Sinha & Levine 2009).° Finally,
DRAM1 (DNA damage regulated autophagy modulator-1), a lysosomal membrane protein that is
found in C. elegans and other higher metazoans but not in simpler metazoans, is central to both PCD
and autophagy (Crighton et al. 2006; 2007a; 2007b, Napoli & Flores 2013). More specifically, DRAM1

& The level of “intra-body but extra-cellular communication” is highlighted to denote the one that
distinguishes genuine multicellular organisms such as metazoans from unicellular organisms.

° In mammalians, Beclin-2 (BECN2), a homologue of Beclin-1 (and ATG-6), plays similar but non-
identical functions in key pathways (He et al. 2013; Galluzzi & Kroemer 2013; Quiles et al. 2023).
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regulates PCD via regulating the level and location of BAX (Guan et a. 2015). Together, these direct
cross-talks via shared components and direct interactions provide metazoans with an effective and
efficient means for coordination.

Another way of direct cross-talk is via direct regulation of gene transcription or location. The
most prominent example is E2F, as a master transcription factor, controls the expression of a host of
genes critical for cell cycle progression. Also, while many nuclear and cytoplasmic proteins can
regulate mitochondria functions, many proteins in mitochondria can also go to nuclear and regulate
nuclear gene expressions (Monaghan & Whitemarsh 2015).

4.2. Crosstalk: Indirect

Indirect cross-talks primarily operate via the four coordination hubs, RB, PTEN, TOR, and p53,
which in turn coordinate many diverse pathways (Figure 1). To save space, we focus on the extensive
indirect cross-talks between the RB-E2F hub and the p53-MDM?2/4 hub

The RB-E2F and the p53-MDM2 machinery form a larger network with extensive built-in
crosstalk: this is the most efficient way for coordinating the various pathways already controlled,
regulated, and coordinated by the two machineries (Simon 1962 [1996]). Through the two
machineries, a metazoan can then control, regulate, and coordinate almost all the key pathways for
survival and reproduction, from metabolism, homeostasis, cell cycle, growth, development, and
reproduction. Most prominently, Key components in the p53-MDM?2 machinery are downstream
targets of the Rb-E2F machinery: RB-E2F regulates the p53-MDM2 pathway via regulating MDM?2,
which in turn can target p53 for Ub-mediated degradation (Watson & Irvin 2006; Brooks & Gu 2011).
Also, P194RF in mice (p14A%F in human), a tumor suppressor gene only found in mammalians, not only
regulates the p53-MDM2/MDM4 pathway but is itself a downstream target of the RB-E2F pathway
(Kim & Sharpless 2006).

The significant overlapping between the RB-E2F pathway and the DREAM pathway that centers
on RB-like (RBL) proteins (RBL-1/p107 & RBL-2/p130) suggests that the latter plays overlapping but
non-redundant functions. The RBL-centric DREAM pathway regulates genes that are different from
genes regulated by the RB-E2F pathway (Sadasivam & DeCaprio 2013; Engeland 2022; Hoareau et al.
2023).

Both RB and p53 regulate PCD and autophagy (Attardi and Sage 2013; Kroemer et al. 2010; Jiang
et al. 2010; Maiuri et al. 2010; Broz et al. 2013; Napoli & Flores 2013). RB regulates autophagy via
regulating and interacting with CDKI (CDK inhibitors) and E2F1 (Jiang et al. 2010). Meanwhile, p53
regulates both the Ub pathway and PCD via transcription (Watson & Irwin 2006; Brooks& Gu 2011;
Lomonosova & Chinnadurai 2009).

P53 can be modified by both Ub and UBL proteins. Also, both DUPs (de-ubiquitination enzymes)
and USP7/HAUSP (Herpesvirus-associated ubiquitin-specific protease) regulate the p53-MDM2
pathway via their de-ubiquitinase activity (Bhattacharya & Ghosh 2014). Meanwhile, PUMA, a potent
proapoptotic protein regulated by p53, play a critical role in both p53-dependent and p53-
independent apoptosis (Yu & Zhang 2009). Indeed, PUMA promotes apoptosis by releasing
cytoplasmic p53 from the anti-apoptotic BCL-xL (Chipuk et al. 2005). Of course, the mitochondria are
a key hub for apoptosis, with the BNIP3 proteins being key sensors for mitochondria stress
(Chinnadurai et al. 2009). These communications connect pathways of UB, HSR, PCD, autophagy,
metabolism, and proliferation into a highly integrated machinery, with mitochondria as a central
node (Lavie et al. 2018; Thomas et al. 2018).

Because of p53’s centrality in all these pathways for controlling and regulating soma (Levine
2020), p53 came to play critical roles in regulating cell division, aging, and cancer in metazoans with
long life span, as unintended consequences. Other components that interact with the p53/MDM2
pathway can also have tumor regulating functions. Similarly, the PCD pathways and its interactions
with RB-E2F and p53 via Bcl-2/Bax also play important roles in aging and tumor suppression.

p53 has a dual role in regulating metabolism, autophagy, and PCD (White 2016), thus also in
cancer and aging as unintended consequences (Sherr & McCromick 2002; Maiuri et al. 2010; Ouyang
et al. 2012; Napoli & Flores 2013; Guo & White 2016; White et al. 2021). Also, IAPs (inhibitors of

d0i:10.20944/preprints202405.1996.v1
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apoptosis) all contain a ubiquitin E3-ligase domain, which is essential to the activity of IAPs (Berthelet
& Dubrez 2013). Finally, caspase inhibition leads to cell death by autophagy, which involves reactive
oxygen species (ROS) accumulation, membrane lipid oxidation, and loss of plasma membrane
integrity. Altogether, via PCDs, autophagy is connected with aging, cancer-suppression,
inflammation, immunity, and many other processes as byproducts (Hayat 2014; Zhong et al. 2016).

RB can regulate PCD and autophagy via p53 but also independently from p53 (Attardi & Sage
2013; Kroemer et al. 2010; Maiuri et al. 2010). Because autophagy and PCD are connected, p53 and
autophagy are also connected with chromatin and mitochondria, often via RB. Thus, PCD and
autophagy are also intimately linked via p53, RB, and mitochondria. RB also indirectly interacts with
HSR via Ub/UBL/UBM. Finally, E2F1 and p53 both regulate the expression of genes of proapoptotic
proteins (Lomonosova & Chinnadurai 2009). Together, the crosstalk and communication of
autophagy and PCD protects the survival of organisms via protecting soma cells, which only become
“disposable” after reproduction.

4.3. Communications

In addition to intracellular communications already present in unicellular eukaryotes, complex
metazoans also deploy many extracellular communications between different cell types, tissues,
organs, and systems. Perhaps the most studied communication has been the one between the neural
system and the immune system (Dantza 2018; Schiller et al. 2021; special collections of Nature
Immunology and Nature Neuroscience, 2017).

Similar communications must also lie between other systems (e.g., between the digestive system
and the immune system; see Fung et al. 2017; Veiga-Fernades & Pachnis 2017). Internal organs of
vertebrates must also communicate with each other quite extensively during development and under
normal and stressful conditions.

Unfortunately, we know little about these possible communications. The molecular foundation
for such communication, however, is partly known. Five key signaling pathways, FGF, Hedgehog,
Notch, TGF-beta, and Wnt, underpin much of the long-distance communications during
development in eumetazoans (Adamska 2015). Also, some receptors are nuclear ones that can
function directly as transcription factors (e.g., retinoic acid receptors; Berenguer & Duester 2022). In
contrast, other receptors can only regulate gene expression via a longer signal transduction pathway
that goes through tyrosine kinases (Hubbard & Miller 2007). Brain nuclear receptors seem to regulate
many cardiovascular functions (Wang et al. 2023). Meanwhile, the effect of glucocorticoids on
inflammation might operate via metabolism rewiring (Auger et al. 2024). Still, much remains
unknown.

4.4. Why Are the Mitochondria So Central to the Coordination Network in Metazoans?

The mitochondria have emerged as a central node in the network that coordinates the various
pathways in metazoans (Chandel 2015; Mottis et al. 2019). So why are mitochondria so central? We
believe that the centrality of mitochondria is partially underpinned by its central role in regulating
metabolism and homeostasis pathways (i.e., HSR, autophagy, and PCD) as the key hub of survival
machinery under stress.

To begin with, mitochondria play a central role in coordinating replication and survival under
stress since LECA. Mitochondria are central to cellular metabolism, including metabolism under
stress (Harputlugil et al. 2014; Matilainen et al. 2017). For instance, stress such as oxidative stress and
starvation can include mitochondria unfolded proteins response (UPR), and mitochondria is central
to UPR as a form of stress response (Haynes & Ron 2010). More strikingly, mitochondrial stress
induces chromatin remodeling via UPR (Y. Tian et al. 2016; 2020). In addition, the Ub pathway also
regulates metabolism by regulating stress response-induced mitochondria protein degradation
(Lavie et al. 2018; Thomas et al. 2018).

In C. elegans, low levels of mitochondrial stress caused by exposure to RNAi or xenobiotics can
restore HSF-1 function, thereby maintaining cytosolic proteostasis, enhancing stress resistance, and
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prolonging lifespan, all without detrimental effects on development or reproduction (Labbadia &
Morimoto 2015; Labbadia et al. 2017).

Meanwhile, heat shock induces HSR, and mitochondrial SSBP1 (single-strained DNA binding
protein-1, which is a homologue of E. coli SSBP) protects cells from proteotoxic stresses by
translocating SSBP1 to the nuclear and potentiating stress induced HSF1 (heat-shock factor-1)
transcriptional activity (K. Tan et al. 2015). Moreover, HSF1 and hence SSBP1 and ISW-1 (a chromatin
modeling factor) regulate ssDNA binding and transcription (Matilainen et al. 2017), thus
coordinating extensive communications between chromatin configuration, transcription, and HSR.
Similarly, RAD9, a DNA damage repair protein that functions as a cell cycle check point, contains a
BH3 motif that allows it to interact with BCL-2 and BCL-xL to promote apoptosis after DNA damage
(Komatsu et al., 2000). RAD9 thus plays important roles in tumorigenesis (Lieberman et al. 2011).
Moreover, RAD9 and p53 work together to regulate DNA damage response (DDR) by selectively
regulating expressions of downstream genes within the DDR pathway (Lieberman et al. 2017). In
short, there is extensive crosstalk between mitochondria and the nucleus, especially under stress
(Mottis et al. 2019; Vizioli et al. 2020; Monaghan & Whitmarsh 2015).

More critically, both the RB-E2F machinery and the p53-MDM2 machinery operate via their
interaction with the mitochondria (Attardi & Sage 2013). RB was an early protector of mitochondria
function because mitochondria is key to the survival of LECA: loss of RB protein impacts
mitochondria function extensively (Nicolay et al. 2015). RB can also activate Bax directly on the
membrane of mitochondria (Attardi & Sage 2013; Hilgendorf et al. 2013). p53 can also interact with
Bcl-2, Bcl-Xt, and Bax on the membrane of mitochondria. In fact, p53 can open the mitochondrial
permeability transition pore to trigger necrosis (Vaseva et al. 2012). In addition, both E2F1 and p53
regulates the expression of key genes in the PCD pathways (Lomonosova & Chinnadurai 2009).
Finally, mitochondria are a central coordinator hub of the various PCD pathways (Bock & Tait 2020).
In sum, because RB and p53 are key coordinating hubs for all the major pathways and their
coordination relies on mitochondria, mitochondria is central to the coordination network in
metazoans.

5. Discussion

We have outlined a new framework for understanding the coordination network of the
numerous pathways in metazoans, a topic that has received inadequate attention. We highlight five
key points.

First, an organism’s structure and function are underpinned by numerous biological pathways.
For survival and reproduction, these pathways must be finely controlled and regulated. Control and
regulation, however, are insufficient: these pathways must also be coordinated.

Second and quite remarkably, evolution has produced only a few master coordination hubs
Moreover, evolution has produced essentially two broader means for coordination: (direct and
indirect) cross-talk and (intra-cellular and extra-cellular) communication.

Third, RB, p53, PTEN, TOR are master coordinating hubs, and they also have extensive cross-
talks and communications among themselves. This fact alone explains why they have been so critical
in regulating so many key biological functions, from cell cycle control to homeostasis, metabolism,
development, PCD, reproduction, cancer, and aging.

Fourth, because these coordination hubs have evolved in different time, their roles have been
stratified or stacked upon even though they also have extension cross-talk and communication
among themselves: this is the most efficient and effective way for building a coordination network
(Simon 1962 [1996]).

Finally, consistent with the gist of evolutionary theory, much of the innovation was driven by
evolutionary pressure to survive and reproduce under stress (Nedelcu & Michod 2004; Michod 2007;
Wagner et al. 2019). As a result, all the pathways and their coordination hubs bear the imprints of
coping with stresses, ranging from genetic to nutritional.

Self-evidently, our new framework holds extensive implications for understanding a host of
issues, including cancer, aging, and lifespan in metazoans. Unfortunately, addressing these issues in
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any detail is beyond the scope of this paper. Here, we merely highlight a few key points for
organizing evidence and drawing further implications. We start with principal implications and then
proceed to a brief discussion of aging, cancer, and lifespan.

5.1. Principal Implications

Control and regulation of the key pathways are essential for the survival and reproduction of a
metazoan. Both the inability to perform required roles due to defects in and escaping from the
pathways produce harmful outcomes. Control and regulation of the key pathways, however, is not
enough: coordination of them via crosstalk and communication is also absolutely necessary for the
survival and reproduction of a metazoan. Unsurprisingly, disruption or loss of the proper
coordination within this network of coordination is also harmful for a metazoan.

Remarkably, coordination in metazoans has centered upon only a few master coordination hubs:
RB-E2F, p53-MDM2, PTEN, and TOR. As more complex animals evolve, more components and hence
additional pathways for control, regulation, and coordination that support more complex and
intricate processes of development, differentiation, and morphogenesis have also evolved. Lacking a
better term, I call these additional pathways and hubs as “secondary”. Inevitably, all these secondary
pathways or hubs are also coordinated by the four master coordination hubs, directly or indirectly.
Hence, there is a hierarchical structure that governs these different coordination hubs and pathways
(Simon 1962 [1996]).

For example, both forkhead (FOX) proteins and polycomb proteins can be understood as critical
but secondary regulators downstream of RB and p53. In Hydra, p53-MDM2 already interacts with
FOX proteins to control and regulate many diverse pathways (Belyi et al. 2010; Lam et al. 2013;
Rutkowski et al. 2010). Polycomb proteins, as epigenetic regulators that are responsible for the
evolution of complexity in both plants (including green algae) and metazoans, repress p14/p19ARF
and hence impacts the RB-E2F machinery (Sowpati et al. 2015). Pathways centered upon other key
signal and regulatory proteins, including JAK3, hedgehog (HH), Hippo, homoetic box (Hox), insulin,
insulin-like growth factors (IGFs), transforming growth factor beta (TGF-beta), c-myc, Notch, and
Wnt, are additional examples of such secondary pathways (Adamska 2015; Loh et al. 2016; Mortzfeld
et al. 2019; Biglou et al. 2021). Together, these developmental signaling pathways regulate key
pathways in development.

Similarly, c-myc, a transcription factor that plays critical roles in cell cycle control and apoptosis,
is regulated by the SUMO system (Sun et al. 2018). Since the SUMO system also cross-talks with the
Ub-system and many other key pathways, some of the key functions of c-myc might have been
exerted via regulation by the SUMO system. Thus, when the regulation of c-myc by the SUMO system
breaks down, cancer and other diseases become far more likely (Eifer & Vertegaal 2015; Vertegaal
2022; Claessens & Vertegaal 2024). Likewise, CYLD (Cylindromatosis Tumor Suppressor Protein), a
mammalian de-uniquitinase, regulates p53-dependent genotoxic stress response (Fernandez-Majada
etal. 2016). CYLD is also an essential negative regulator of the NF-kB pathway and mitogen-activated
protein kinase pathways.

Our framework thus calls for a more integrated network approach for understanding the
control, regulation, and coordination of the various pathways in all organisms, and in metazoans in
particular. In fact, with more and more discoveries that point to extensive cross-talk and
communication among the different pathways, only a more complex network-based approach can
lead us to a more integrated picture of these pathways. While scientists have made much progress in
this direction (e.g., Forster et al. 2022; see also Bechtel 2019; Green et al. 2018 for interesting
philosophical discussions), much more remains to be done.

5.2. Implications for Understanding Aging, Cancer, and Lifespan

Within so many pathways, there will never be perfect control and regulation. Moreover, with
such a complex network of pathways, coordination will never be perfect either. With wear-and-tear
during an organism’s life course and imperfect repairment, disruption and malfunction in and escape
from these pathways become inevitable, and so does breakdown of coordination of these pathways.
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Unsurprisingly, these disruptions, malfunctions, escapes, and breakdowns will be associated with
defects and escapes from the pathways, which in turn result in undesired outcomes, although the
specific manifestations of defects and escapes may differ significantly in different tissues in different
organisms. Among these undesired outcomes, aging and cancer are the two most prominent. Our
network framework implies some key lessons for understanding aging and cancer.

Unicellular organism only needs to take care of the cell within the environment: the cell and the
organism are equivalent. Moreover, without the possibility of cancer, unicellular organisms only
need to take care of cellular senescence as aging at the organism level.

In contrast, cells and the organisms are no longer equivalent in metazoans as multicellular
organisms. Thus, while cellular senescence still underpins aging at the organism level in metazoans,
they are no longer equivalent. Indeed, cellular senescence and PCD are critical to mammalian
development, partly because cellular senescence can trigger PCD (Wanner et al. 2021). When
senescence does not trigger PCD due to malfunctions or disruptions, senescent cells accumulate,
leading to either bodily aging or cancer, or both (Van Deursen 2014). Meanwhile, uncontrolled
multiplication by some cells (as cancer) poses serious threat to the survival of an organism. As a
result, the loss of control, regulation, and coordination at the cellular level threat eventually threatens
proper function at the organism level and potentially endangers survival and reproduction.

In metazoans, therefore, there is a conflict between survival (soma) and reproduction (germ). As
such, mediation of this conflict is also necessary, as Michod and his collaborators have long argued
(e.g., Michod 1997; 2007; Michod & Nedelcu 2003; Nedelcu & Michod 2003; Michod & Herron 2006).
When this is the case, some (disposable) soma cells can be sacrificed for the sake of survival and then
reproduction under stress, via stress responses such as HSR, autophagy, and PCD. Indeed, during
development and differentiation, PCD is necessary for limiting soma’s selfishness for the whole
organisms to survive and the germ to reproduce (Aktipis et al. 2015).

As aresult, a multi-level selection (MLS) perspective is essential for understanding the evolution
of multicellularity (e.g., Maynard Smith & Szathmary 1995; Michod 1997; 2007; Okasha 2006;
Szathmary 2015). From the MLS perspectives, the disposable soma theory essentially captures the
underlying logic of the tradeoff between survival and reproduction (Kirkwood 1977; 2005; Kirkwood
& Austadi 2000; Gaddy et al. 2021). The notion that aging and cancer are the results of antagonistic
pleitrophy essentially captures the same insight.

Multicellularity is the foundation of aging and cancer at the organism level (Trigos et al. 2018;
Nedelcu 2020). Hence, aging and cancer are byproducts of multicellularity. Most critically, the control
and regulation of aging and cancer came very late in the evolution of metazoans. Cancer is the
outcome of breakdown of and escape from control and regulation, which in turn leads to the
breakdown of cooperation by individual cells within a multicellular organism. Cancer, however,
faces little selection pressure until reproduction requires maturity and grooming (e.g., in
mammalians). Indeed, tumors in plants are rarely life threatening. As a result, there is little selection
pressure against tumor in plants (Doonan & Sablowski 2010).

For metazoans with a relatively short lifespan, selection pressure for controlling aging will be
minimal because these organisms have completed their reproduction before their maximum lifespan
or even before the middle point of their maximum lifespan (Campisi 2003). For example, more than
80% of cancer in humans are found in people over the age of 55, by which most reproduction tasks
have been completed. An organism’s long lifespan does not contribute to its fitness unless successful
reproduction requires maturity (e.g., in mammals) and grooming (including social grooming).
Cancer follows the same logic. Fundamentally, cancer is the inevitable outcome of wear-and-tear:
with damages constantly accumulating, some organisms simply cannot check and repair all the
damages.

Thus, although defects in and escapes from the key pathways can lead to aging and cancer,
aging, cancer, and the connection between them, are evolutionary byproducts (Finkel et al. 2007; cf.
Campisi 2003). In other words, although disruption of functions within the key pathways are often associated
with aging and cancer, most pathways have not evolved for regulating or suppressing aging or cancer. This is
also why aging at cell, organ, and organism levels are not tightly connected. Likewise, there is no
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neat connection between PCD and cancer (Labi & Erlacher 2015). In short, aging, cancer, and other
malfunctions are byproducts of the loss of control, regulation, and coordination: they cannot have
genuine evolutionary explanations. And because aging and cancer are fundamentally underpinned
by the loss of control, regulation, and coordination of the key machineries and pathways outlined
above, prevention and curing of caner has to focus on the terminals of these pathways.

Finally, in light of the network of control, regulation, and coordination, the differentiation of
caretakers (e.g., RecQ in DNA repair) and gatekeepers or type I and type II tumor suppressor (e.g.,
CDC6) is a useful heuristic, but only to a degree (cf. Kinzler& Vogelstein 1997; Campisi 2003). While
many caretakers that are essential for survival and reproduction had evolved before eukaryotes
whereas gatekeepers such as the RB-E2F machinery evolved only in eukaryotes for regulating
chromatin-based gene expression and hence coupling with cell cycle in LECA and then the p53-
MDM?2 machinery in metazoans (Domazet-Loso & Tautz 2010), their functions are intertwined
extensively. A multilevel selection (MLS) perspective is also essential for understanding aging and
cancer (Lean & Plutynski 2016; see also Okasha 2006; Goldfrey-Smith 2009; Michod 2005; 2007;
Weissman 2015).
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