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ABSTRACT

Multicellularity evolved independently several times across the tree of life. In all cases, these events were
dependent on various types of cellular cooperation. We previously identified five universal foundations
of cellular cooperation that are required in all complex multicellular lineages to allow the collection of
cells to function and reproduce as a whole (i.e. a multicellular individual). These include: proliferation
inhibition, controlled cell death, resource allocation, division of labor, and maintenance of the extracellular
environment. We propose that there is a sixth universal foundation of multicellularity that breaks down
in cancer: proximity maintenance. By staying in close proximity, cells can more easily provide benefits for
one another, communicate, coordinate their behavior, and evolve increased size and complexity. Here,
we revisit and further develop the five original foundations of multicellular cooperation in the context of
the evolution of multicellularity from unicellular ancestors and their implications for cancer progression.
In our previous work, we suggested that the breakdown of all these cooperative behaviors is reflected in
the universal hallmarks of cancer. Similarly, the breakdown of proximity maintenance maps to another
hallmark of cancer—activating invasion and metastasis.

Lay Summary: Multicellular organisms depend on cooperation between the cells that make up their
bodies. Whether the organism is a plant, animal or fungus, we previously argued that their cells
cooperate to suppress cell proliferation, control cell death, distribute resources throughout the body,
specialize on different functions needed by the body, and maintain the non-cellular components of the
body like bone and collagen, as well as dispose of waste. However, we missed a sixth fundamental
aspect of multicellular bodies - multicellular organisms require mechanisms to keep the cells together,
so that all the cells can benefit from their cooperation. Here we introduce this additional foundation

9z0z Aenuer ¢z uo 1senb Aq 1998628/920se0a/ydwa/ee0L 0L /10p/alo1e-aoueApe/ydwa/wod dno ojwapeoe//:sdyy woiy papeojumoq

© The Author(s) 2025. Published by Oxford University Press on behalf of the Foundation for Evolution, Medicine, and Public Health.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1093/emph/eoaf026
https://orcid.org/0000-0002-0745-7076

 20418 35117 a 20418 35117
a
 
mailto:maley@asu.edu
mailto:maley@asu.edu

Multicellular cooperation and the hallmarks of cancer

Maleyetal. | 375

of multicellularity, revisit the original five foundations of multicellularity, discuss their origins in single

celled organisms, and discuss their relevance to cancer, which disrupts that cooperation between cells in

a body.

KEYWORDS: cooperation; hallmarks; cancer; mulitcellularity; evolution

INTRODUCTION

In 2015, we proposed that cancer could be considered as a break-
down of five foundations of multicellular cooperation [1]. These
five foundations of multicellular cooperation are proliferation
inhibition, controlled cell death, resource allocation, division of
labor, and maintenance of the extracellular environment. In that
2015 paper, we showed how the breakdown of each of these
foundations corresponds to universal characteristics of cancer,
as described by Hanahan and Weinberg in their classic papers
on the hallmarks of cancer [2]. Here, we review the five original
foundations of multicellular cooperation. We propose a subtle
but important revision to this framework: acknowledging that
the foundations of multicellular cooperation were likely co-opted
from unicellular behaviors that became regulated in ways that
were beneficial for the multicellular collective. Then, we suggest
that there is likely a sixth foundation of multicellular cooperation:
proximity maintenance; and that the breakdown of proximity
maintenance contributes to the cancer phenotypes of invasion
and metastasis.

REVISITING THE ORIGINAL FIVE FOUNDATIONS OF
MULTICELLULAR COOPERATION AND THE
CO-OPTION OF UNICELLULAR BEHAVIORS

Across all forms of multicellularity, cancer or cancer-like
phenomena can result from the breakdown of cellular
cooperation. Complex obligate multicellularity (defined by the
stable presence of specialized cell types) evolved independently
at least ten times: once in animals, at least twice in green
plants, twice in red algae, twice in brown algae, and at least
three (but as many as 8-11) times in fungi [3, 4]. We found
cancer and/or cancer-like phenomena ubiquitous across all
independently evolved multicellular lineages [1].

Each of the five foundations of multicellular cooperation
that we identified in our 2015 paper likely were co-opted
from unicellular behaviors that were beneficial for unicellular
organisms in certain circumstances. With the emergence of
multicellularity, what evolved was the capacity to regulate these
cooperative behaviors in ways that benefited the multicellular
collective. Versions (at a mechanistic level) of most of the
previously identified foundations can be found in unicellular
organisms (see Fig. 1 in ref [5]).

Proliferation control: The capacity for inhibiting proliferation
allows for the control and regulation of cellular division that
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Figure 1. The six proposed foundations of multicellular cooperation are
all forms of cellular cooperation that are necessary for the evolution and
maintenance of multicellularity. Each time complex multicellularity has
evolved in the history of life, it has been built upon these six foundations.
The extracellular environment in a multicellular organism includes all the
components of the tissue microenvironment as well as the systemic factors

involved in maintaining that environment.

enables the building and maintaining of a complex multicellular
body. However, it is not just the inhibition of proliferation but the
regulation of cell proliferation in response to developmental
and homeostatic signals that is necessary for building and
maintaining a multicellular body. This capacity for regulation
of cell proliferation exists in unicellular organisms as well. They
evolved a variety of mechanisms to adaptively regulate their
proliferation in response to changes in their environment or
via cues from other members of the population (i.e. quorum
sensing; see discussion in [6]). These mechanisms may have
been co-opted by early multicellular organisms to regulate cell
proliferation for the benefit of the group of cells and in response
to cues from the group [5, 7]. Thus, an innovation in the
evolution of multicellularity was the ability to regulate (and even
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inhibit—as in terminally differentiated cells) cell proliferation in
response to group signals (in addition to environmental signals)
in a way that benefits the group, even when those responses are
costly to individual cells (e.g. altruistic responses).

Controlled cell death: Complex multicellular organisms gen-
erally use controlled cell death in the development and
maintenance of the body. There is evidence of controlled cell
death (often also referred to as programmed cell death or PCD)
in a variety of unicellular organisms, which appears to be an
ancient phenomenon [8—12]. Again, the novelty in multicellular
organisms lies in the ability to control cell death in response to
group cues and for the benefit of the group; for example, during
development and when mutated cells undergo apoptosis so that
they do not increase the cancer risk to the organism.

Maintenance of the extracellular environment: Multicellular
organisms are more than just a collection of cells. They
include extracellular structures such as basal membranes,
extracellular matrix, chitin, cellulose, cartilage, and bone,
not to mention chemical signals. Proper functioning of a
multicellular organism requires production and maintenance
of that extracellular environment, as well as removal of
waste products. Bacterial biofilms exhibit many of these
features, including coordination through chemical signaling and
production of complex extracellular matrices [13].

Resource allocation: One common feature of multicellular
organisms is that many of the cells in the multicellular body do
not have direct access to resources. This has led to the evolution
of a variety of structures for delivering resources throughout the
body [14]. Microbial biofilms also feature extracellular structures
and channels for resource delivery [15, 16].

Division of labor: Part of the definition of complex multicel-
lularity is the differentiation of cells into different cell types
specialized for different functions. This appears to be one of the
primary advantages of multicellularity [17]. However, this too is
not unique to multicellular organisms. Microbes in biofilms also
differentiate, and even outside of biofilms may differentiate in
response to environmental signals or progression through a life
cycle [13, 18-20].

These foundations of multicellularity were likely co-opted
during the evolution of multicellularity from adaptations at
the unicellular level where cooperation provided a selective
advantage in specific contexts (e.g. environmental stress,
resource limitation). However, these traits can manifest
differently when expressed at the level of the multicellular
organism because they are often stably expressed at the
multicellular level as part of multicellular development. In other
words, they are genuine, heritable, group-level adaptations.

In the context of cancer, mutations in all these cooperative
mechanisms can increase cell-level fitness (i.e. selfish behavior
of potentially cancerous cells) while decreasing the fitness of

the multicellular organism. However, because many of the
genes used in cellular cooperation evolved from genes involved
in processes that increase cell-level fitness in unicellular life,
mutations in multicellular cooperative mechanisms might also
decrease cell-level fitness. In fact, such cell-level costs are
thought to have contributed to the stabilization of cooperative
behaviors during the evolution of multicellularity, by decreasing
the fitness of cheaters [21, 22]. Mutations in pathways co-opted
from processes increasing the fitness of unicellular ancestors
could prevent cancer cells from responding appropriately to their
environment. This might be exploited to decrease the fitness of
cancer cells for clinical benefit [5, 6].

For instance, in contrast to healthy cells, cancer cells often
fail to, or only partially respond to limiting conditions (e.g.
short-term starvation, low glucose/low serum) and continue to
proliferate rather than halting their cell cycles to prevent damage
from those stresses. Fasting can exploit this difference, shutting
down the proliferation of normal cells but not cancer cells,
thereby protecting normal cells and sensitizing cancer cells to
chemotherapies that target proliferating cells [23]. Furthermore,
fasting cycles can not only improve the efficiency and safety of
chemotherapy, but also retard tumor growth [24].

A SIXTH FOUNDATION OF MULTICELLULAR
COOPERATION: PROXIMITY MAINTENANCE

In addition to our previously identified foundations of
multicellular cooperation, we are proposing another foundation
(perhaps the most basic foundation since it also applies to
simple multicellularity): cells must maintain their proximity in
order to benefit from their cooperative activities and function as
a coherent entity (Fig. 1) [19]. Cell-to-cell adhesion has long been
recognized as fundamental to the evolution of multicellularity [25,
26]. Typically, this has been achieved by cells staying together after
cell division, and often by constructing a boundary between them
and the rest of the environment in the form of skin/epidermis,
cuticle, or some other boundary structure.

Similar to the other foundations of multicellular cooperation,
unicellular organisms also have mechanisms to maintain
proximity, particularly in the form of biofilms. They maintain
proximity through the construction of an extracellular matrix
(ECM) and/or adhesion molecules [27, 28]. Many components
of ECM and adhesion molecules are also found in unicellular
organisms. For instance, choanoflagellates (which include the
closest unicellular relatives on animals) express some of the
important adhesion molecules in animals (e.g. cadherins), whose
function appears to be in sensing and responding to extracellular
cues [26].

Maintaining proximity allows cells to cooperate and function as
a coherent entity [19]. Remaining in close proximity following cell
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division also allows for positive assortment (cooperators interact
with one another more often than they would at random) and kin
selection, which are general principles that allow for the evolution
of stable cooperation. This can lead to a positive feedback
loop in which positive assortment selects for cooperation and
cooperation selects for positive assortment [29]. Furthermore,
proximity maintenance also facilitated the transition from a group
of cells to a new unit of selection [30, 31].

In more complex multicellular systems, a variety of additional
mechanisms for maintaining proximity in a dynamic context
evolved to both exclude non-cooperators and increase function-
ality in the group. For instance: immune systems and complex
molecular tagging systems to distinguish self from non-self (e.g.
the major histocompatibility complex) [32, 33]; organization
into tissues by expressing tissue-specific adherence molecules
[3] (e.g. cadherins) and/or attaching to basal membranes [3]
(i.e. epithelia); creating complex structures [3] (e.g. during
development) or functional networks (e.g. neural networks)
through responding to extracellular gradients or electrical
signals [34].

However, enforcing proximity also leads to new challenges
for multicellular cooperation because cells cannot “walk away”
(i.e. leave cheaters behind) when cheating occurs [35]. Rather,
multicellular organisms must have mechanisms for monitoring
and responding to cheating in situ. This likely led to the
evolution of complex systems to detect and remove cheating
cells, including the immune system.

METASTASIS AS A BREAKDOWN OF THE SIXTH
FOUNDATION OF MULTICELLULAR COOPERATION

In our original conception, we mapped many of the hallmarks of
cancer to the breakdown of five different forms of multicellular
cooperation [1], showing that each foundation was associated
with several known characteristics of cancer. This additional
foundation of multicellular cooperation, proximity maintenance,
allows us to map another hallmark—metastasis (i.e. cell
detachment and migration from the original site), to the
breakdown of another form of cellular cooperation.

The reason that the hallmarks of cancer are universal to all
cancers, and keep evolving independently in each cancer, is that
the breakdown of cooperation (i.e. cheating) provides a fitness
advantage to the neoplastic cells (allowing selection to act at the
celllevel). In our previous analysis, we found a natural association
of each hallmark with a form of cheating on each type of cellular
cooperation that gives a neoplastic cell a fitness advantage, with
the exception of invasion/migration and metastasis.

At the time, it wasn’t clear how invasion and metastasis could
be a form of cheating on any of the original five foundations of
multicellular cooperation. We associated it with cheating on the
maintenance of the extracellular environment because invasion

often involves disrupting the basement membrane (in animals).
With the recognition of proximity maintenance as a missing
foundation of multicellular cooperation, invasion and metastasis
can be seen as cheating in this specific form of cooperation
(Fig. 2). Invasive and metastatic cells are no longer staying with
the cooperating cells of their tissue of origin.

Invasion and metastasis might not just be about a breakdown
of proximity maintenance within the multicellular bodyj; it can also
involve proximity maintenance of cancer cells with one another.
Cancer cells can cooperate with one another to stay together
during invasion and metastasis, which can make invasion and
metastasis more successful and result in increased fitness for the
cancer cells [36, 37]. For instance, tumor cell clusters, which are
groups of cooperative cancer cells that detach and migrate
as multicellular units, have been associated with increased
metastatic potential [37—43].

Across other foundations of multicellular cooperation, we see
this kind of pattern, with cancer cells evolving not just to cheat
in the foundations of multicellular cooperation, but also to use
these capacities for cooperation with other cancer cells [44]. For
example, cancer cells appear to engage in division of labor and
synergistic inter-clonal cooperation, which facilitates metastasis
[45]. Thus, the re-evolution of cooperation among cancer cells
is likely to be a major challenge for multicellular bodies, and
therefore also for treating cancer, especially in its advanced stages
[36]. This suggests that there may be clinical benefit in disrupting
the ability of cancerous cells to maintain proximity with each
other thus limiting their capacities to cooperate with one another.
Those potential benefits would have to be weighed against the
risk of facilitating metastasis through the dissemination of cancer
cells.

IDENTIFYING THE FOUNDATIONS OF
MULTICELLULAR COOPERATION HELPS US
DISCOVER HALLMARKS OF CANCER

One useful consequence of approaching the hallmarks of cancer
from the first principles of the foundations of multicellular
cooperation is that it suggests that we may be missing some
hallmarks (Fig. 2). We have argued elsewhere that cheating on
the division of labor, realized as the disruption of differentiation,
is a missing hallmark [46]. This was recently supported
by Hanahan [47] in what he called “unlocking phenotypic
plasticity.” His description of this putative hallmark is based
on three different versions of disruption of differentiation:
dedifferentiation, blocked differentiation, and transdifferentiation
[47]. But the mapping of hallmarks to the foundations of
multicellularity in Fig. 2 also suggests that we may be missing
an additional hallmark in the loss of the maintenance of the
extracellular environment. Neoplastic cells could theoretically
gain a fitness advantage by failing to contribute to the
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Figure 2. The six universal foundations of multicellular cooperation (inner hexagon) are all necessary for the development and maintenance of complex

multicellular organisms. With cooperation comes the potential for cheating, and so each form of cooperation is paired with a form of cheating that is

seen in cancers (outer hexagon). Because cheating generally provides a cell-level fitness advantage within the context of a multicellular organism, multiple

forms of cellular cheating have been recognized as hallmarks of cancer [2]. This perspective suggests that we have missed at least one hallmark (disrupting

differentiation) and perhaps another (loss of extracellular maintenance).

building of extracellular structures and instead devoting those
resources to their own reproduction. Cancer cells may also gain
an advantage from not contributing to homeostatic systems
that maintain their microenvironment (e.g. pH, oxygen, other
nutrients, and cytokines) and may even gain an advantage
from disrupting those systems. For instance, acidification of
the tumor microenvironment associated with the preferential
use of glycolysis (resulting in the release of lactic acid) can
induce cell detachment and metastasis [48, 49] and may
contribute to increased cell proliferation [50]. Disruptions of
some homeostatic systems might also feed into neoplastic cells’
monopolization of resources and uncontrolled proliferation. In
animals, maintenance of extracellular structures is primarily
handled by fibroblasts (for extracellular matrix), chondroblasts
(for cartilage) and osteoblasts (for bone). Thus, fibroblasts,
chondroblasts, and osteoblasts might gain a cellular fitness
advantage by stopping their metabolic investments in the
production of those structures. Such cheating would likely be
selected for during neoplastic progression of the sarcomas
that evolve from those cells. Investigating disruptions in the
extracellular environment (as well as other forms of cellular

cheating) as markers of potential precancerous lesions may
provide new avenues of research and cancer prevention.

CONCLUSION

Cancer is a disease of multicellularity. It is a form of breakdown in
the principles underlying multicellularity itself. By investigating
and understanding the mechanisms that establish and maintain
multicellularity, such as regulation of cell proliferation and death,
cell proximity, and maintaining an extracellular environment, we
can gain novel perspectives on the fundamental nature of cancer.
This view of cancer as a breakdown in multicellular cooperation
allows us to highlight potential missing hallmarks of cancer,
organize and think about mechanisms of cancer in a new light,
and ultimately can reveal new avenues of research with cancer
prevention and therapeutic implications.
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