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Dormancy is an inactive period of an organism’s life cycle that permits it to survive
through phases of unfavorable conditions in highly variable environments. Dormancy
is not binary. There is a continuum of dormancy phenotypes that represent some
degree of reduced metabolic activity (hypometabolism), reduced feeding, and reduced
reproduction or proliferation. Similarly, normal cells and cancer cells exhibit a range
of states from quiescence to long-term dormancy that permit survival in adverse
environmental conditions. In contrast to organismal dormancy, which entails a reduction
in metabolism, dormancy in cells (both normal and cancer) is primarily characterized by
lack of cell division. “Cancer dormancy” also describes a state characterized by growth
stagnation, which could arise from cells that are not necessarily hypometabolic or
non-proliferative. This inconsistent terminology leads to confusion and imprecision that
impedes progress in interdisciplinary research between ecologists and cancer biologists.
In this paper, we draw parallels and contrasts between dormancy in cancer and other
ecosystems in nature, and discuss the potential for studies in cancer to provide novel
insights into the evolutionary ecology of dormancy.
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INTRODUCTION

“You keep using that word. I do not think it means what you think it means.” From the character
Inigo Montoya, Princess Bride.

Most living organisms, from microbes to blue whales, experience temporal environmental
fluctuations. These fluctuations induce periods of stress due to extreme temperatures, lack of
resources, or disease. Dormancy, an evolutionary adaptation, enables organisms to survive through
stressful conditions, in part by decreasing metabolic activity to conserve energy. However, there is
a broad range of dormant states across taxa, which vary based on how long an organism remains
in dormancy, whether dormancy is induced prior to or in response to stress, the magnitude of the
response, etc. Despite attempts to devise a universal framework for animal dormancy (Wilsterman
etal., 2020), precise definitions remain challenging. Dormancy is further complicated by diverging
conceptualizations in other fields.
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Cancer dormancy often refers to a period of time, from
months, years, or even decades, between treatment of a primary
tumor and metastatic relapse. This could be due to isolated non-
proliferative cells that disseminated from the primary tumor
(cancer cell dormancy) or small non-expanding populations of
cancer cells (tumor mass dormancy). Although both of these
categories could result in clinically undetectable cancer, they
describe different biological mechanisms. This creates confusion
within the field about what is meant by “cancer dormancy;” and
between fields about how cancer dormancy relates to organismal
dormancy in other species. Furthermore, additional terminology
has been used to describe cancer cells that survive treatment or
other cellular stresses such as drug-tolerant persisters, hypoxia-
resistant cells, and polyaneuploid cancer cells (PACCs). These
descriptors and cell states add to the confusion owing to their
overlapping characteristics with dormant cancer cells, such as
cellular quiescence. Furthermore, this babel of terms and cell
states can stifle the exchange of ideas between cancer biologists
and other evolutionary ecologists.

In this paper, we take a critical look at the concept of tumor
cell dormancy, in its many guises. Although we are not the first
to point out the confusion associated with tumor cell dormancy
(Vallette et al., 2019; Phan and Croucher, 2020), we aim to help
clarify terminology by comparing it to key characteristics of
dormancy in nature. This is not to imply that cancer is not a part
of nature. It is. Rather we will use “in nature” as shorthand to
describe all natural systems other than cancer. In what follows,
we first examine how the term dormancy and related concepts
are used in organismal biology. We then examine the history
of the terms in cancer biology, with a focus on how those
uses compare to what the terms mean in the context of whole
organism biology and ecology. Finally, we discuss the mutual
benefit of studying dormancy as it applies to ecology and cancer
biology, and how experiments in cancer may help provide novel
insights into mechanisms that drive dormancy from cells to
organisms. Overall, we hope this paper provides a starting point
for ecologists to help understand the terminology used in cancer
biology and facilitate cross-disciplinary work on dormancy, while
simultaneously convincing cancer biologists of the benefits of
conceptualizing cancer dormancy using insights from ecology.

DORMANCY IN ORGANISMAL BIOLOGY

Dormancy is often used as an “umbrella” term indicating a
spectrum of inactive states characterized by reduced metabolism,
or hypometabolism, as adaptations to survive periods of reduced
resource availability or other adverse environmental conditions.
Dormancy also refers to specific states of hypometabolism in
both animals and plants (Table 1). The terms “dormancy”
and “torpor” are often used interchangeably in the organismal
literature. Dormancy encompasses many different hypometabolic
states that have evolved across widely divergent taxa. These
hypometabolic states exist along a continuum of metabolic
expenditure (Figure 1). From the extreme state of essentially
zero metabolic expenditure exhibited by bacterial endospores
and cysts, dormant states include seed dormancy, estivation,

TABLE 1 | Definitions of terms used in reference to states of reduced activity
and/or metabolism in cancer, microbiology, animals, and plants.

Term Definition

Aestivation
(estivation)

In insects, a state of reduced metabolic activity and reduced
physical activity in response to arid conditions and high
temperatures. In lungdfish, a period of reduced feeding,
respiration, and movement in response to prolonged drought
and heat.

Brumation Winter dormancy of ectotherms like reptiles and

amphibians that is induced by low temperature.
Cyst A thick-walled, dormant structure produced by some bacteria
and protozoa capable of enduring challenging environmental

conditions, such as desiccation or high temperatures.

Diapause In insects, a state of delayed or suspended development or
growth, accompanied by reduced metabolic activity, that is part
of a developmental program and not triggered directly by

adverse environmental conditions.

Dormancy A state of hypometabolism used by animals and plants to
survive through adverse environmental conditions. Often used
interchangeably with torpor. In animals, dormancy can be of
short duration with only slight decreases in body temperature
and metabolic activity (shallow dormancy), or of long duration
with great decrease in body temperature and metabolic activity
(deep dormancy). In plants, dormancy is a state in which
seeds or other tissue reduce metabolic activity and cease
growth during hostile environmental conditions, such as winter
or drought. In cancer, may refer to tumor mass dormancy or
tumor cell dormancy. Tumor mass dormancy occurs when
cancer cell proliferation is balanced by cell death, resulting in a
non-expanding population of cancer cells. This could happen
due to poor vascularization (angiogenic dormancy) or control by
the immune system (immune-mediated dormancy). Tumor cell
dormancy is a state in which cells are quiescent and are often
assumed to have low metabolism.

Encystment Production of a resistant stage known as a cyst in some
bacteria, protozoa, plankton, and some invertebrates,

such as flatworms.

Endospore A resistant, dormant and non-reproductive structure produced
by some bacteria in the Firmicute family that ensure survival

through hostile environmental conditions.
Hibernation A state of greatly reduced activity, body temperature, metabolic
rate, usually entered seasonally.
Hypo-
metabolism

A state of reduced metabolic activity that includes a
coordinated suppression of most cell functions; may vary in
duration.

Quiescence In insects, a temporary reduction in metabolic activity and a
slowing or halt to development in response to adverse
environmental conditions. In plants, a repression of division in
undifferentiated cells in a plant’s meristem (tissue from which
new cells are formed). In cells, a reversible, non-proliferative

state during which cells are in the G phase of the cell cycle.

Resting egg An invertebrate egg that undergoes a period of dormancy

during which it is highly resistant to environmental conditions.

Torpor A state of lowered body temperature and metabolic activity
generally in response to challenging environmental conditions;
may be of short duration (hours), as in nightly torpor of
hummingbirds, or of long duration (days to weeks), as in
hibernation of many ground squirrel species. Often used

interchangeably with dormancy.

Where the word has different meanings contingent upon the organism or biological
application (bold), we include separate definitions for each. “Sharp lines and precise
definitions” for many of these terms do not exist, and many of these states may be
considered as part of a “coherent physiological phenomenon” (Schmidt-Nielsen,
1997, p. 279).
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FIGURE 1 | Continuum of metabolic states in organisms and cancer cells, from lowest (“deep dormancy”) to highest (“active”). The states below basal metabolic
rate (BMR) represent hypometabolic states. The metabolic continuum of cancer cells (teal) likely falls within a narrower range of metabolic states in organisms (black).

Created with BioRender.com.
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diapause, quiescence, and hibernation. These diverse states
are difficult to place into well-defined categories with sharp
boundaries, and terminology can be confusing (Schmidt-Nielsen,
1997; Lee, 2009). Some of the characteristics that differentiate
these states include (1) whether an organism enters dormancy
prior to (obligatory) or in direct response to (facultative) an
environmental stress, (2) the duration of the response (3) the
reduction in metabolic activity, and (4) how resistant the state
is to predation or stress. Dormancy may be of short duration
(hours), as in the shallow or daily torpor of hummingbirds, or
of long duration (days to weeks to months to years), as in the
deep torpor associated with hibernation in mammals or seed
dormancy in plants (Melvin and Andrews, 2009). While the
manifestation of these states differs considerably among taxa,
dormancy shares various core elements across numerous taxa
(Melvin and Andrews, 2009; Villanueva-Canas et al., 2014).
Shared elements include an integrated down-regulation of cell
functions, including cross-membrane transport, intermediary
metabolism (biochemical reactions that provide the cell with
metabolic intermediates), gene expression and protein synthesis,
and utilization of stored energy reserves. In the following, we
describe a subset of dormant states in organisms in order to give a
broad overview of the terminology, and include a more complete
set in Table 1. Although dormancy clearly is an adaptation
to minimize energy expenditure during adverse environmental
conditions, it comes with some costs, including the cost of
arousal through endogenous heat production and vulnerability
to predators (Withers and Cooper, 2010).

Most plant species produce seeds that exhibit a period
of complete metabolic dormancy following dispersal from
the mother plant (Bewley, 1997; Baskin and Baskin, 2004).
In temperate regions and deserts, many plants themselves
enter a dormant stage (Rohde and Bhalerao, 2007), in which
photosynthetic and other metabolic activity cease or are reduced
to very low levels. In winter dormancy, woody plants like trees

and shrubs typically drop their leaves, and many herbaceous
plants survive the winter below ground as roots while letting their
aboveground biomass whither.

Many microorganisms, including bacteria and protists,
differentiate into a metabolically inactive and highly resistant
state when faced with starvation or inhospitable environmental
conditions (Sadoft, 1975). The most resistant state, produced
by some bacteria, is known as an endospore. The endospore
may exist for centuries, during which time they “exhibit
complete metabolic dormancy and extreme resistance to multiple
environmental insults” (Mury and Popham, 2014). A similar
resistant state, known as a cyst, resting egg, or resting stage,
is also common in a variety of protists (Corliss, 2001; Ross and
Hallock, 2016), and phyto- (Ribeiro et al., 2011; Ellegaard and
Ribeiro, 2018) and zooplankton (Gilbert, 1974; Ricci, 2001).

Among insects, estivation is a dormant state that manifests
as quiescence, a short period of moderately depressed metabolic
rate triggered by unfavorable environmental conditions (Masaki,
2009); or diapause, a prolonged period of suppressed metabolism
and arrested development (Denlinger, 2009; Lee, 2009). Diapause
may be facultative or obligatory, and generally is expressed in
a particular life stage, which varies among taxa. Depending
on the taxa, the egg, larval, or adult life history stage may
undergo diapause.

Perhaps the type of dormancy that is most familiar among
people generally is hibernation (deep torpor)— classically
exhibited by ground squirrels (e.g., Punxsutawney Phil of the
movie Groundhog Day) and carnivores like bears. Hibernation
in this sense appears inextricably tied to endothermy, as
hibernation involves a shallow to a deep decline in body
temperature (Lyman et al, 1982). In its most extreme
manifestation thus documented, the arctic ground squirrel
(Urocitellus parryii) drops its core body temperature from 37
to —1.9°C during its nine month hibernation (Barnes, 1989).
Because many species inhabiting subtropical and tropical
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regions exhibit hypometabolism generally associated with winter
dormancy, many investigators now believe that hibernation is
a flexible phenotypic response to scarce resources and energy
conservation instead of a direct response to cold temperatures
(Martin and Yoder, 2014).

QUIESCENCE AND DORMANCY IN
NORMAL CELLS

As with whole organisms, quiescence and dormancy are terms
commonly used to describe a growth arrested state in mammalian
cells including hematopoietic stem cells, lymphocytes, and
fibroblasts. Quiescence is a reversible, non-proliferative state in
response to nutrient deprivation (e.g., glucose, insulin, amino
acids), mitogen or growth factor deprivation, loss of adhesion, or
contact inhibition (Valcourt et al., 2012; Yao, 2014). Quiescence
is essential for tissue homeostasis and regulation of the immune
and wound healing response (Valcourt et al., 2012; Fiore et al,,
2018). Gene expression, metabolism, and cell cycle re-entrance
dynamics vary widely among quiescent clonal cell populations
depending on the signal that initiated quiescence. As with
dormancy in organisms, quiescence describes a collection of
diverse states (Yao, 2014). However, cellular quiescence may
not include hypometabolism, or a shutting down of metabolic
functions outside of proliferation.

Hematopoietic stem cells (HSCs) regulate hematopoiesis, the
production of billions of blood cells each day. In vivo mouse
studies suggest that there are two populations of HSCs that
control homeostasis and are maintained in adjacent “niches”.
Short-term (“active”) HSCs are capable of self-renewal and divide
frequently to replenish blood cells daily. Long-term HSCs may
divide only five or so times per lifetime, or they can be activated
to proliferate in response to injury. These long-term HSCs have
been termed “dormant” (Wilson et al., 2008; Li and Clevers,
2010). Dormant HSCs exhibit a decreased metabolism as a
result of reduced ribosomal biogenesis and DNA replication
and are highly dependent on autophagy for survival (Wilson
et al., 2008; Valcourt et al., 2012). Maintaining dormant HSCs
is evolutionarily advantageous because it decreases the risk for
oncogenic mutations and helps prevent stem cell depletion
(Wilson et al., 2008).

Further down the hematopoietic lineage, lymphocytes,
components of the adaptive immune response, are maintained in
a quiescent state until activation by antigen presentation (Bryder
et al., 2006). Quiescent lymphocytes are small in size and have
few membrane glucose transporters, especially in the absence
of growth factors (Valcourt et al., 2012). Quiescent lymphocytes
depend on autophagy to obtain carbon sources for ATP
production, which is synthesized by oxidative phosphorylation
(Valcourt et al,, 2012). Upon activation, glucose transporters
increase and lymphocytes produce ATP by glycolysis (Valcourt
etal., 2012). Lymphocyte quiescence prevents cell exhaustion and
autoimmune disease.

Human dermal fibroblasts are maintained in a quiescent
state that is characterized by their secretion of extracellular
matrix. Wounding induces fibroblast activation and proliferation

to coordinate wound-healing. Quiescent and activated dermal
fibroblasts have similar metabolic rates, which suggests that
hypometabolism is not necessarily associated with cellular
quiescence (Valcourt et al., 2012). Unlike HSCs and lymphocytes,
quiescent fibroblasts are not dependent on autophagy for
survival and uptake glucose at rates comparable to proliferating
fibroblasts (Valcourt et al., 2012). Multiple external cues,
including contact inhibition and mitogen withdrawal, induce rat
embryonic fibroblast to enter a non-proliferative quiescent state
(Kwon et al., 2017). Fibroblasts that remain quiescent for longer
move into a deeper quiescence and require greater stimulation or
more time to reenter the cell cycle following serum stimulation
(Kwon et al.,, 2017). As in organismal dormancy, quiescence in
fibroblasts is heterogeneous and may entail a reactivation cost in
deeply quiescent cells. However, unlike in organismal dormancy,
deeply quiescent cells may remain metabolically active.

QUIESCENCE AND DORMANCY IN
CANCER CELLS

Mechanisms that regulate quiescence in normal cells provide
insights into the pathways that promote quiescence in cancer
cells. Cancer cells simply use or repurpose the processes,
epigenetics, and genetics of normal cells. In normal cells, the
trigger to divide or go quiescent is regulated by the availability of
mitogenic growth factors, nutrients, and space. Loss of sensitivity
to anti-growth signals is a hallmark of cancer (Hanahan and
Weinberg, 2000) and a key aspect of tumorigenesis. Yet, the
natural history of carcinogenesis and cancer eco-evolutionary
dynamics do not always conform to continuous monotonic
growth. The cancer cells making up a tumor live within a
highly dynamic and interactive microenvironment consisting of
fibroblasts, endothelial and inflammatory cells, growth factors,
cytokines, vasculature, and lymph vessels. Collectively these
constitute the tumor ecosystem. Fluctuations or interruptions
in blood flow across a tumor or within regions of a tumor,
lack of nutrients or space, or adverse interactions with normal
cells can force cancer cells, and sometimes the tumor population
as a whole, to pause rapid proliferation (Zahl et al, 2008;
Almog, 2013; Hahnfeldt, 2013). Following treatment, a patient’s
cancer may remain clinically undetectable for months, years, and
perhaps even decades (Aguirre-Ghiso, 2018). The disease seems
to persist in a cell-arrested or non-proliferative state that is often
referred to as “dormancy.”

In 1934, Willis (1934) suggested “dormant” tumor cells as
those that disseminated from the primary tumor and remain
in a growth-arrested state. Twenty years later, Hadfield (1954)
proposed that dormant tumor cells are in a temporary state of
mitotic arrest. More recently, experimental models of dormancy
have revealed that tumor dormancy may result from a balance
between cell proliferation and death so that the tumor mass (i.e.,
small population of cancer cells) maintains a constant size. This
balance may result from poor vascularization that limits nutrient
availability to cells (Gimbrone et al., 1972; Wheelock et al., 1981)
or from control by the immune system (Weinhold et al., 1979;
Wheelock et al., 1981).
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Cancer dormancy is thus divided into two categories (see
Figure 2): (1) non-proliferative cancer cells persisting over a
long period of time without dying (cellular dormancy) and (2)
populations of cancer cells with cell proliferation balanced by cell
death (tumor mass dormancy) (Enderling et al., 2012; Aguirre-
Ghiso, 2007). Both of these categories may result in clinically
undetectable cancer. The mechanisms producing them, however,
are distinct and may present unique therapeutic opportunities.
While dormant cancer cells are often assumed to have a
lower metabolism, few studies have empirically quantified their
metabolic activity (Endo et al., 2014; Carcereri de Prati et al.,
2017). On the other hand, population-level dormancy includes
metabolically active, proliferating cells. Because this concept
of tumor population-level dormancy diverges from organismal
dormancy, we do not further discuss it herein.

While the concept of cellular dormancy is often used in the
context of disseminated cancer cells, drug-tolerant persisters and
PACCs also exhibit a state that is stress resistant, quiescent, or

dormant (Vallette et al., 2019; Pienta et al., 2020a). Because of
their potential parallels to organismal dormancy, we consider
these cells in our discussion below.

Disseminated Tumor Cells

Disseminated tumor cells (DTCs) are cancer cells that have
detached from the primary tumor and spread to other locations
in the body through the circulatory system. DTCs may exist,
undetected, in a non-proliferative state for extended periods,
referred to as cancer cell dormancy. The microenvironment
within the target organ in which the DTCs survive appears to
play a critical role both in regulating the apparently dormant
state of the DTCs, and their re-awakening into a proliferative
state (Linde et al., 2016). Dormant DTCs may elude detection and
attack by the adaptive immune system, and later be “reawakened
by innate immune cells (neutrophils) responding to non-tumor
inflammation” (Aguirre-Ghiso, 2018). Following reawakening,
the active DTCs proliferate into metastases. Whether DTCs
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detach early or late in the evolution of the primary tumor
could also impact their potential to respond to dormancy cues,
with late DTCs having greater metastatic growth potential either
due to their later stage of evolution or the creation of pre-
metastatic niches by early DTCs (Sosa et al., 2014). The processes
of dissemination, dormancy, and reawakening may have critical
clinical and therapeutic relevance.

The metastatic spread of cancer bears great resemblance to
seed dispersal in plants or spores of microbes. The “seed and
soil” hypothesis proposed by Paget (1889) suggests that the
pattern of spread of the DTCs (“the seeds”) within the body of
a patient is due to the preferential growth and survival of DTCs
within certain microenvironments (“the soil”), which could
explain why particular cancers only metastasize in certain organs
(e.g., prostate-to-bone). In plants, seeds (or microbial spores)
disperse over short or long distances. Dispersed seeds can either
immediately germinate or remain dormant. Delayed germination
is beneficial to the plant. When seeds do not germinate at the
same time they reduce competition, sib-sib competition, and
spread the risk. Furthermore, dormancy and dispersal allow seeds
to escape from unfavorable conditions or arrive at favorable
conditions in time and space.

Similar to plant seeds, DTCs colonize microenvironments
that may be favorable or unfavorable for growth. Like many
cases of seed or spore dispersal, the vast majority of circulating
tumor cells die and never become DTC’s, but a tiny fraction
may (Luzzi et al., 1998; Chambers et al., 2002; Lloyd et al,
2017). Microenvironments colonized by DTCs that are “non-
permissive” for growth (e.g., hypoxic regions), activate stress
signaling pathways that induce the DTC to enter quiescence
(Aguirre-Ghiso, 2007). DTCs also colonize microenvironments
where stem cells are found (stem cell niches) where signals that
control HSC dormancy induce their dormancy. Because dormant
HSCs can be found in hypoxic regions, these microenvironments
may not be mutually exclusive (Lévesque et al., 2010). Although
dormant DTCs are often assumed to be in a hypometabolic
state, confirming this assumption is hampered by limited in vivo
models. Insights into the metabolic state of the subset of DTCs
located in hypoxic regions may be inferred from the metabolism
of hypoxia resistant tumor cells.

Hypoxia Resistant Tumor Cells

While DTCs may become dormant in certain regions of
an organ that are hypoxic, cancer cells of actively growing
tumors also experience hypoxia through temporal variations in
intratumoral blood flow and instability of vasculature (Gillies
et al, 2018). Although many tumor cells die in hypoxic
environments, some survive by entering a state referred to
as dormancy. Because few in vitro models of tumor cell
dormancy exist, understanding the properties of these dormant
cells is challenging. Existing evidence suggests that these cells
undergo cell-cycle arrest in the GO/G1 phases or greatly reduce
proliferation (Carcereri de Prati et al., 2017).

Hypoxia-resistant cells have a lower metabolism, as indicated
by an 80% decrease in glucose consumption and lower pyruvate
and lactate production (Endo et al., 2014; Carcereri de Prati et al.,
2017). During chronic hypoxia, hypoxia-resistant cells upregulate

autophagy to obtain nutrients despite the lower consumption
of glucose (Carcereri de Prati et al, 2017). When hypoxia-
resistant cells are reoxygenated, their proliferation rate returns
to normal after a short delay. The reversibility of their decreased
proliferation (Endo et al., 2014; Carcereri de Prati et al., 2017)
thus requires metabolic activation and cell remodeling. Hypoxia-
resistant cells are more resistant to chemotherapy, either because
of their low proliferation rate or because the drug cannot reach
the hypoxic regions of the tumor. While some cancer cells enter
quiescence or proliferate more slowly under chronic hypoxia,
cancer cells may utilize anaerobic glycolysis under acute hypoxia,
increasing glucose uptake and lactate production (Endo et al,
2014). Hence, the duration of hypoxia influences the metabolic
activity of cancer cells in hypoxic environments.

Polyaneuploid Cancer Cells

Polyaneuploid cancer cells are aneuploid (have abnormal number
of chromosomes) and undergo whole genome doubling in
response to stress (Pienta et al., 2020a). These correspond to
what others have described as polyploid giant cancer cells and
persister cells (Illidge et al., 2000; Puig et al., 2008). They form
from the fusion of 2N cells or from failed cytokinesis resulting in
poly- or mono-nucleated polyaneuploids. This reversible state is
also characterized by GO cell cycle arrest (quiescence), increased
cell size, and increased metabolic activity (distinguishing it
from other quiescent states that are hypometabolic) (Pienta
et al., 2020a). Once the stress is removed, and this can be
months, PACCs re-enter the cell cycle and bud off non-polyploid
(2N) progeny. They themselves do not proliferate as PACCs
begetting PACCs. Such highly metabolic, resource uptaking, non-
proliferative life history states have been found in a variety
of taxa including bacteria (Valderrama et al., 2019), protists
(Parfrey and Katz, 2010), fungi (Anderson et al, 2015), and
plants and robustly permit survival to microenvironmental and
therapeutic stress (Pienta et al., 2020a). It has been proposed
that PACCs serve a decisive ecological role of allowing for
increased storage, cell function, metabolic rate, and protection
from stressors such as hypoxia, pH, metabolites, oxidative
stress, and therapeutics. Evolutionarily, they increase heritable
variation, permit self-genetic modification, and new functionality
(see Table 1 from Pienta et al., 2021). The stress response in
PACCs is reminiscent of organisms that undergo facultative sex
such as Daphnia magna (“water fleas”), which can reproduce
sexually and asexually based on environmental conditions.
In good conditions, D. magna reproduce asexually to create
clones, whereas under adverse conditions (e.g., cold or dry)
they reproduce sexually to produce resting/diapausing eggs
that are wrapped in a tough protective shell until conditions
improve (Gerber etal., 2018). Sexual reproduction during adverse
conditions permits genetic recombination, which, by increasing
genetic diversity, may increase survival in a possibly altered
environment following “awakening” from diapause.

Drug-Tolerant Persisters

In cancer biology, “drug-tolerant persisters” refer to a
subpopulation of cancer cells that are reversibly tolerant to
treatment due to non-mutational mechanisms such as epigenetic
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reprogramming (Sharma et al, 2010). This terminology is
analogous to bacterial “persister cells,” a small subset of
antibacterial tolerant cells. Bacteria persisters form either
stochastically or in response to antibiotic treatment, are slow
dividing or growth arrested, and resume growth and drug
sensitivity once the antibiotic is removed (Fisher et al., 2017).
While there is no single definition of drug-tolerant persisters,
four properties distinguish this state from cancer cell dormancy:
(1) slow proliferation, (2) decreased sensitivity to treatment, (3)
restoration of drug sensitivity and cell proliferation following
treatment, and (4) contribution to genetic resistance (Shen S.
et al., 2020). Slow-proliferation may not be sufficient for persister
cells to survive therapy; evasion of therapy may also necessitate
minimizing glucose consumption, changing their cell identity
via the epithelial-to-mesenchymal transition, or interacting with
other cell types in the tumor microenvironment (Shen S. et al,,
2020). Most of these studies use 2D cultures, where drug-tolerant
persisters are rare and result from stochastic epigenetic states
(Sharma et al., 2010). However, recent studies suggest that in
3D cultures, treatment persistent residual tumors emerge and
adopt a program similar to embryonic diapause, a reversible
state of paused development in epiblasts that is triggered by
adverse conditions (Dhimolea et al., 2021; Rehman et al., 2021).
Similar to embryonic diapause, these “treatment persistent
organoids” are characterized by quiescence or slow-cycling,
downregulated metabolic and biosynthetic activity, increased
cell adhesion, and increased autophagy (Dhimolea et al., 2021;
Rehman et al, 2021). Thus, treatment persistent organoids
may use an evolutionarily conserved mechanism that promotes
survival under stress. An open research question concerns the
degree to which persister cells in cancer and other microbial
systems are polyaneuploid and vice-versa. Possible differences
relate to whether these non-reproductive cells are polyploid
or not, whether such cells are hyper- or hypo-metabolic, and
whether such cells facilitate surviving unfavorable conditions as
well as accelerating evolutionary changes such as drug resistance
(Pienta et al., 2020b). For those studying these phenomena in
yeast and bacteria, cancer may provide an ideal complementary
experimental model organism (see section “Comparison of
Dormancy in Other Organisms and in Cancer”).

Comparison of Dormancy in Other

Organisms and in Cancer

Although direct parallels are few, many characteristics of
quiescent cancer cells overlap with characteristics of dormant
states in organisms (Figure 2). One similarity is that the duration
of the response varies, with the longest duration associated
with DTCs in cancer (months to decades) and endospores
in organisms (centuries). While few studies in cancer have
quantified some of the key traits of organismal dormancy
including hypometabolism and reactivation cost, there is some
evidence of these characteristics in hypoxia-resistant tumor cells
(Endo et al., 2014; Carcereri de Prati et al., 2017). Like cysts and
endospores, cancer cells may morphologically change in response
to stress: hypoxia-resistant cells can have a longer shape and
higher volume of cytoplasm compared to cells in non-resistant

populations (Carcereri de Prati et al, 2017), drug-tolerant
persisters may change their cell identity through epithelial-to-
mesenchymal transition, and PACCs morph from a 2N state into
a polyploid state (Pienta et al., 2020b).

On the other hand, even though hypoxia-resistant tumor
cells have a lower metabolism, they may still be taking up and
metabolizing nutrients since there is not a complete depletion
of glucose consumption. This is in contrast to organisms, which
are in a non-feeding state when they are dormant. Furthermore,
some quiescent cancer cells such as PACCs may not be in
a hypometabolic state. Lastly, in comparison to hibernators,
whether cancer cells acquire and store energy prior to dormancy
is not known, though they often rely on autophagy for survival
(Carcereri de Prati et al., 2017). While the cardinal characteristic
of organismal dormancy is hypometabolism, the primary feature
of cancer cell dormancy is non-proliferation. Dormancy in
cancer is only loosely associated with hypometabolism and lack
of feeding, and the continuum of metabolic states in non-
proliferative or slowly dividing cancer cells likely falls within a
narrower range compared to organisms (Figure 1).

Yeast (Saccharomyces sp.) may provide some of the most direct
comparisons between cancer cell and microbial cell dormancy
(Hohmann and Mager, 2007). For instance when used for
producing ethanol, the yeast must be able to tolerate and respond
to temperature, oxidative, ethanol, and osmotic stressors (Saini
et al,, 2018). In response, yeast can exhibit the continuum of
maintaining proliferation and activity under stress, reducing
proliferation or switching to sexual reproduction (form haploid
spores through meiosis that can combine to form the diploid
state), changing metabolic state (i.e., via activation of heat shock
proteins), forming PACC-like polyploids, or reducing metabolic
activity and engaging in autophagy.

Evolutionary Ecology of Dormancy

Strategies

Variability in environmental conditions is common to all
ecosystems, creating favorable and unfavorable periods for
growth and survival. Natural ecosystems outside of cancer
frequently experience temporal fluctuations in temperature and
precipitation; in cancer, unpredictable patterns of blood flow
cause temporal variations in nutrients, growth factors, pH,
oxygen, and immune infiltration. Under these circumstances,
dormancy is an adaptation that generally serves four possible
functions: (1) bet-hedging, (2) avoiding over-crowding, (3)
avoiding sib-sib competition, and (4) hunkering down and
surviving unfavorable times (Simpson, 2007; Shefferson et al.,
2018). The first three functions can select for a dormancy
fraction where some of the population remain in an active state
while others remain dormant. The fourth represents predictive
dormancy where the organism or cancer cells have time to
respond to the unfavorable conditions, and furthermore, can
assess when conditions have improved. Cancer cells do exhibit
predictive dormancy, may exhibit bet-hedging, and at present,
there have been no experiments, to our knowledge, that would
show whether cancer cells engage in dormancy to avoid over-
crowding or sib-sib competition.
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All of the above are in response to temporal variation. What
of spatiotemporal variation? Venable and Brown (1988) used
a mathematical model to predict how dormancy and dispersal
traits in the seeds of annual plants co-adapt. As temporal
autocorrelations decrease dormancy should be favored. In the
absence of spatial autocorrelations and when spatial variability is
on a smaller scale dispersal is favored over dormancy. Dormancy
and dispersal can complement or substitute for each other,
though not entirely. Snyder (2006) explores whether the presence
of dormancy reduces the need for dispersal (Snyder, 2006). In
terms of dispersal, cancer cells do exhibit stochastic and directed
movement (chemotaxis) (Roussos et al., 2011; Sung and Weaver,
2017). But these movements, while large in relation to normal
cells, are virtually sedentary compared to motile protists with
cancer cells showing migration speeds of 0.4 wm per minute
(Shen Q. et al,, 2020), close to a body length per hour. This
is one to three orders of magnitude slower than the speed
of amoeboid cells (Van Haastert, 2011; Ildefonso et al., 2019).
Dissemination in the blood as circulating tumor cells represents
a long range dispersal that leads to highly improbable success.
The extent to which cancers rely on dispersal as an adaptation
to avoid spatiotemporal variability should be investigated in
the context of dormancy. Regardless, dormancy should provide
a prime adaptation for managing environmental uncertainty
in cancer cells.

Most of our examples from nature and cancer have involved
the use of predictive dormancy to respond to predictable or
stochastic environmental variability. Ample evidence in terms
of arrested cell cycles, PACCs, persister cells, and shifts toward
autophagy show that cancer cells will cease proliferation and
enter into some form of dormancy under harsh conditions.
What of bet hedging? Bet-hedging is a strategy that evolves
in unpredictably varying environments where expected fitness
(arithmetic mean fitness) is sacrificed to reduce the temporal
variance in fitness (geometric mean fitness) (Brockmann, 1987;
Philippi and Seger, 1989) and was first proposed to explain why
some plant seeds immediately germinate while others lie dormant
(Cohen, 1966).

There can be “diversifying bet-hedging” where fractions of
the population remain in different states regardless of current
conditions. These states (e.g., fixed dormancy and germination
fractions in annual plants) tradeoff fitness during good times
and fitness during bad times (Childs et al, 2010; Starrfelt
and Kokko, 2012). The bacteria Bacillus subtilus, like desert
annuals, shows some stochastic sporulation regardless of nutrient
conditions (Grimbergen et al., 2015). Similar examples can be
found for the social amoeba Dictyostelium discoideum (Martinez-
Garcia and Tarnita, 2017), a marine amoeba Flabellula baltica
(Fenchel, 2010), and in budding yeast Saccharomyces cerevisiae
(Bagamery et al., 2020).

Diversifying bet-hedging in cancer does occur. PACCs have
been identified as a small but ever-present fraction of the
cancer cell population even in the absence of a major stress
such as therapy, nutrient deprivation, or hypoxia (Lin et al,
2020). Cell culture experiments of dormancy show that during
serum deprivation, a small proportion of cancer cells remained
proliferative. Furthermore, when serum was replenished, a minor

(but non-zero) proportion of cells remained non-proliferative
(Barney et al, 2020). Some of these differences could arise
due to the stochasticity in gene expression which generates
phenotypic differences in cells that have the same genotype
(Viney and Reece, 2013). Protein synthesis can promote rapid
divergence so that sister cells are no more similar to each other
than randomly chosen cell pairs (Spencer et al., 2009). Simons
and Johnston (1997) suggest developmental instabilities as a
source of diversifying bet-hedging, and the genetic instability
of cancer cells may provide for bet-hedging through offspring
with diverse heritable traits. Miller et al. (2020) explore
how diversifying bet-hedging might promote coexistence of
different cancer cell types as has been suggested for microbes
(Jones and Lennon, 2010).

Conservative bet-hedging strategies involve a single state for
the population where its trait value enhances survival under bad
conditions while sacrificing opportunities during favorable times
(Haaland et al., 2019, 2020). While most organisms’ traits are a
likely compromise between variable conditions, it can be hard
to determine when such traits strictly tradeoff arithmetic with
geometric mean fitness. Simons and Johnston (2003) provide
an example with Indian tobacco Lobelia inflate where flowering
time, while suboptimal in most years, serves well during bad
years. Putative traits in cancer have not been studied in detail
within the context of conservative bet-hedging. Pseudohypoxia
has been proposed as such a case. Here, the cancer cells maintain
high HIF-1 expression as a response to hypoxic conditions
even under normoxia (Pressley et al., 2021). Other traits could
include those associated with the maintenance of high levels
of membrane pumps and metabolism to respond quickly to
stochastic variation in the presence of toxins, low pH, damaging
levels of oxygen free radicals, and even drug therapy. These
traits are straying from dormancy per se but represent potentially
critical forms of bet hedging. Dormancy strategies likely best fall
into diversifying bet-hedging.

DISCUSSION—FROM ECOLOGY TO
CANCER AND BACK AGAIN

Cancer cells exist in a highly dynamic ecosystem where they
experience both competition and cooperation with nearby cells.
Increased understanding of the ecology and evolution of cancer
is leading to new treatment strategies, like adaptive therapies
that exploit cancer cell competition (Gatenby et al., 2009; Silva
et al.,, 2012; Zhang et al., 2017). Similarly, better understanding
dormancy from an ecological perspective may help devise new
approaches to target these cells by exploiting the mechanisms that
promote their awakening, maintenance, or eradication. Many
advances have been made through interdisciplinary approaches
between ecologists and cancer biologists. For such efforts
to be fruitful, however, collaborators must possess a mutual
understanding of technical terms such as “dormancy” and speak
a common language. We believe that if the cancer biology
community adopted a more precise definition of dormancy that
also includes issues of reduced feeding, metabolism, robustness,
stress tolerance, and reactivation costs rather than just lack of
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proliferation, then it would ease the journey of ecologists trying
to contribute to cancer research.

For the evolutionary ecologist interested in testing models
and ideas pertaining to dormancy, cancer provides diverse
experimental approaches. Cancer research can provide a rich
spatial and temporal resolution of data not typically attainable in
other natural or laboratory systems. In contrast to field studies,
experiments can be replicated within the same cancer under
a more controlled setting. Cancer biology may thus provide
multiple avenues for testing both ecological and evolutionary
theories of dormancy that are difficult to address otherwise.
For example, cancer cell dormancy occurs de novo across a
vast array of cancers, including multiple myeloma, prostate
cancer metastasis to the bone, and breast cancer metastasis to
the bone, lung, and brain (Phan and Croucher, 2020). This
broad occurrence of dormancy could allow for the exploration
of differences in how dormancy is regulated between cancers
or metastatic sites, and whether those mechanisms resemble
known regulation mechanisms found across taxa in organismal
dormancy. Because cancers evolve rapidly, experimental cancer
systems provide opportunities to test hypotheses regarding the
environmental characteristics that select for the evolution of
dormancy as an adaptation. Studying the evolution of cancer
cell dormancy may provide novel insights into the evolution of
dormancy at the organismal level.

Research on cancer brings an array of technologies for
conducting experiments in mice (Lee et al., 2018), in organoids, as
3-D spheroids, or more traditional 2-D culture techniques. RNA
sequencing (RNA-Seq) technologies permit measuring single
cell expression of genes associated with cellular metabolism,
proliferation, and cell membrane activity (Recasens and
Munoz, 2019). Methylation profiling (Ferrer et al., 2020) and
whole-genome or targeted genome sequencing can identify
heritable differences between cancer cells within a cell line
or between cell lines with diverse ecological properties (e.g.,
contrasts between breast cancer cells lines such as the highly
glycolytic MDA-MB-231 and the non-glycolytic MCF-7). The
Seahorse XF extracellular flux analyzer can measure single
cell metabolism of cancer cells in different metabolic states,
from different clones, or different cell lines (Bhatia et al.,
2021). Immunohistochemical staining of cell cultures of
histology preparations can identify metabolic markers of cell
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