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Microenvironment-mediated cancer dormancy:
Insights from metastability theory
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Dormancy is an evolutionarily conserved protective mechanism widely observed in nature. A pathological
example is found during cancer metastasis, where cancer cells disseminate from the primary tumor, home
to secondary organs, and enter a growth-arrested state, which could last for decades. Recent studies have
pointed toward the microenvironment being heavily involved in inducing, preserving, or ceasing this dor-
mant state, with a strong focus on identifying specific molecular mechanisms and signaling pathways.
Increasing evidence now suggests the existence of an interplay between intracellular as well as extracellular
biochemical and mechanical cues in guiding such processes. Despite the inherent complexities associated
with dormancy, proliferation, and growth of cancer cells and tumor tissues, viewing these phenomena from
a physical perspective allows for a more global description, independent from many details of the systems.
Building on the analogies between tissues and fluids and thermodynamic phase separation concepts, we
classify a number of proposed mechanisms in terms of a thermodynamic metastability of the tumor with
respect to growth. This can be governed by interaction with the microenvironment in the form of adher-
ence (wetting) to a substrate or by mechanical confinement of the surrounding extracellular matrix. By
drawing parallels with clinical and experimental data, we advance the notion that the local energy minima,
or metastable states, emerging in the tissue droplet growth kinetics can be associated with a dormant
state. Despite its simplicity, the provided framework captures several aspects associated with cancer dor-
mancy and tumor growth.
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Cell and tissue growth is tightly regulated by intra-
cellular as well as extracellular mechanisms. The lat-

hardly surprising, considering the complexity of bio-
logical systems.

ter, comprising both cell-cell and cell-extracellular
matrix (ECM) interactions, provides a wide variety
of biochemical and biophysical signals, which criti-
cally affect growth kinetics and fate (1). In particu-
lar, the physical/mechanical role of the surrounding
microenvironment is being increasingly recognized
in many physiological processes such as stem cell
maintenance, differentiation (2), and tissue morpho-
genesis and adaptation (3, 4), as well as pathological
conditions like tumor progression (5, 6). Nonetheless,
the focus of most studies has overwhelmingly weighed
toward the role of specific genes and proteins involved
in these processes and less toward providing a physi-
cal framework for a more global description. This is

From a thermodynamic point of view, living entities
are considered "open systems” lying in a highly unpre-
dictable “far-from-equilibrium” state, as opposed to
their nonliving counterparts (7). Nonetheless, ther-
modynamic phase transitions occurring in open
physical systems, such as the Bénard instability or the
Belousov-Zhabotinski chemical reaction, where sta-
tionary states emerge by virtue of energy and material
exchange with the environment, have prompted phys-
icists to compare certain aspects of biological systems
with thermodynamic phase transitions and metastable
or critical states (8—12). Such parallels range from associ-
ating healthy-to-cancerous transformations, epithelial-
to-mesenchymal transitions, and tumor invasion with

“Department of Biomaterials, Max Planck Institute of Colloids and Interfaces, 14476 Potsdam, Germany; P eibniz-Institut fiir Polymerforschung
Dresden, Max Bergmann Center of Biomaterials, 01069 Dresden, Germany; and “Center for Regenerative Therapies, Technische Universitat

Dresden, 01069 Dresden, Germany

Author contributions: S.B., CW., P.F., and A.C. designed research; S.B. performed research; P.F. contributed new reagents/analytic tools;
S.B. analyzed data; S.B., P.F., and A.C. wrote the paper; and C.W. and P.F. reviewed the manuscript.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND).

'To whom correspondence may be addressed. Email: fratzl@mpikg.mpg.de or amaia.cipitria@mpikg.mpg.de.

This article contains supporting information online at http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111046118/-/DCSupplemental.

Published December 23, 2021.

PNAS 2022 Vol. 119 No. 1 2111046118

https://doi.org/10.1073/pnas.2111046118 | 1 of 9


https://orcid.org/0000-0002-3575-6196
https://orcid.org/0000-0003-4437-7830
https://orcid.org/0000-0002-9918-1512
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:fratzl@mpikg.mpg.de
mailto:amaia.cipitria@mpikg.mpg.de
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111046118/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2111046118&domain=pdf&date_stamp=2021-12-23

first-order far-from-equilibrium phase transitions (8, 13) or model-
ing cancer dormancy as a critical phenomenon using evolutionary
game theory approaches (9).

Despite intrinsic differences across biological species, dor-
mancy can be regarded as an evolutionarily conserved mecha-
nism exploited by a multitude of organisms, such as insects,
bacteria, worms, or plant seeds, which enables them to enter a
growth-arrested state under hostile conditions (14-16). Such a
mechanism must be reversible to ensure regrowth upon restora-
tion of favorable settings. Notably, the physiological state of most
mammalian adult stem cells is quiescent (or dormant) (17), reen-
tering the cell cycle only when required. This low metabolic state
prevents their exhaustion and lowers the probability of acquiring
oncogenic mutations upon cell division (17).

A pathological example of dormancy, on the other hand, can
be found during cancer metastasis, which involves the dissemi-
nation of detached cells from the primary tumor mass into dis-
tant organs. Here, disseminated cancer cells (DCCs) require
growth-friendly conditions for metastatic progression; if the sec-
ondary organ does not foster metastatic growth, cancer cells can
recapitulate the evolutionarily conserved mechanism of older
organisms and switch into a dormant state (18, 19).

The consideration that almost half of all forms of cancer
metastasis become clinically detectable years or even decades
after primary tumor resection points toward the presence of an
invisible latent stage of metastatic colonization (20). This chal-
lenges the hypothesis of an otherwise linear or exponential
growth between primary tumor and metastatic site (21, 22). The
question that arises then is: What is the cause for such nonli-
nearity in growth kinetics? A plausible answer would be that
changes in the microenvironment at the dissemination site
might provide the stimuli necessary for dormancy of DCCs, until
either accumulation of genetic aberrations and/or microenviron-
ment alterations trigger their awakening (20).

For a better description of the role of the microenvironment in
modulating this process, we took advantage of the well-known
concepts of stability and metastability for growing droplets of a
thermodynamic phase. The idea is that a cancer cell aggregate
(described as a droplet) grows by proliferation and migration of
cancer cells within a normal tissue (the parent phase). When
assuming that the cancer cell aggregate has a tendency to grow
that is counterbalanced by an unfavorable interface between the
droplet and the surrounding normal tissue, one obtains a formal
analogy with thermodynamics of phase separation. The associ-
ated nucleation process can be 1) homogeneous, that is, occur-
ring fully inside the parent phase (that is, the normal tissue) or 2)
heterogeneous when the droplet grows in contact with a surface,
so that the total interface between the nucleating droplet and the
parent phase is reduced (see Fig. 2A). In this description, growth
arrest (or dormancy) would correspond to a “metastable” state,
which can be defined as a state of local (as opposed to global)
minimum of energy, so that further growth requires to overcome
a barrier. As a consequence, the system can reside in this local
minimum, until enough energy is gained to leave this state and to
progress toward a global minimum of energy (23). A crossing of
the barrier may result from various perturbations, such as fluctu-
ations in the driving force for growth or a decrease in the bar-
rier height through a modification of the microenvironment. In
this sense, metastability is the resilience of the system against
small mechanobiological perturbations (24-28) that would ulti-
mately lead to unrestricted growth (beyond the unstable state;
see the sketch in Fig. 2C). In particular, we assume the growing
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tissue “droplet” to behave like a fluid, in that the relaxation of
local stress concentrations is much faster than growth itself.
Under these conditions, the Young-Laplace law leads to drop-
let shapes with constant curvature and kinetic metastability (see
details in SI Appendix) that results from the fact that a small
increase in droplet volume would lead to a negative change in
growth rate (24, 29).

In this respect, some parallels can be drawn with critical states
[also known as the emergence of multistability (8)], such as their
reduced sensitivity to the details of the system, while acquiring
increased suscepitibility to environmental perturbations (8, 9, 11).
Building on the fact that, at least for spherical shapes, tissue
growth models fall under the same category as phase separa-
tion models of nodular structures (24, 29, 30) (e.g., growth of a
particle within a solution, or diffusion along dislocation lines or
grain boundaries), here we propose that cancer dormancy shares
several traits of thermodynamic metastability. The duration (or
stability) of this “dormant” state will then depend on the acti-
vation energy barrier, which, in thermodynamic terms, can be
described as the amount of energy that needs to be overcome
in order to transition from particle nucleation to its critical size
and eventual growth.

We argue that the ability of cells and tissues to grow vs.
remain dormant is highly sensitive to their interaction with the
microenvironment, which introduces the emergence of one or
more metastable states, assumed to be proxies of dormancy.
Different modes of dormancy induction have been proposed,
spanning from drug-induced survival of subpopulations of cells
under chemotherapy treatment, paracrine signaling from vascu-
lature and niche cells, biochemical factors (i.e., hypoxia or
nutrients), and ECM-induced dormancy (31). Here we focus on
more physical aspects of the microenvironment, and based on
experimental data (Fig. 1) we simplistically classify three distinct
classes of interactions: 1) cells adhering to a wetting flat surface in
the form of a spherical cap, 2) a spherical droplet enclosed by an
elastic sheath as a mechanical interpretation of ECM-mediated
confinement, and 3) a spherical droplet with size-dependent lim-
ited growth due to lack of nutrients and oxygen, leading to cell
apoptosis deep inside the tissue. We then put these results in the
context of recent modeling, experimental, and clinical data from
both physiological and pathological examples of cell and tissue
growth. Notably, the concepts proposed here are not meant to
replace cellular or genetic mechanisms but to provide a comple-
mentary physical description with a more global perspective for
the role of the microenvironment in mediating the described
processes. In other terms, thermodynamics dictates the possible,
while mutations direct the probable (32).

Role of Adhesion

The majority of cells and tissues in the body are not just suspended
in a void but require either cell-cell or cell-ECM anchorage in
order to grow and proliferate. Meanwhile, adhesion has been
shown to be directly involved in many steps of the metastatic
cascade, including dissemination, homing, and dormancy. It has
been previously reported that DCCs can adhere either close to
the vasculature (i.e., perivascular niche) (34, 36) (Fig. 1, 1B and 1D)
or in the proximity of bones (i.e., endosteal niche) (35) of the target
organs (Fig. 1, 1C). To better understand the role of adhesion in
mediating dormancy and tissue growth, we start by observing the
growth kinetics of an unconfined spherical droplet, well-known
from classical nucleation theory (Fig. 2 B and C). This simple
model shows that a size-dependent parameter, named the critical
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Fig. 1. Microenvironment-mediated cancer dormancy. (1) Adhesion/
wetting. (1A) Disseminated breast cancer cell (red) in the proximity of
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radius (R.), exists, which, if exceeded, will result in the sustained
growth of the droplet; otherwise, it will shrink and disappear (24)
(Fig. 2B). More specifically, droplets with a volume smaller than
V* will shrink to zero while those larger than this size will see an
unlimited growth. This means that in a classical nucleation pro-
cess, as in the case of a tumor suspended in a void, there is no
metastable droplet of finite size; instead, it either disappears or
grows. This aspect is also visible in earlier theories of cancer
growth (see figure 5 of ref. 43), where the tumor either grows or
shrinks, depending on whether its size is above or below a critical
dimension. Indeed, the critical size corresponds to a maximum
of the energy curve (Fig. 2B) and, thus, to an unstable state
(Fig. 20). In Fig. 2, we restrict ourselves to a qualitative stability
analysis, because the growth kinetics as well as actual values of
the critical size will be different depending on the details of any
specific tissue (type of cells, ECM composition, etc.).

We then model adhesion by including a wetting substrate to
which the previously unsupported tissue nodule can now adhere
(Fig. 2A). From a modeling point of view, this wetting surface pro-
vides a boundary condition, which limits the growth of an other-
wise unconfined spherical droplet, also known as surface-directed
phase separation (44-47). We and others have previously shown
that this simple physical constraint can lead to the emergence of
extremely complex structural shapes (24, 29, 48, 49).

Based on this, we hypothesize that the tissue adheres to a sur-
face (that is “liked” by the tissue in the droplet) without costs in
energy and in contrast to the interface with the foreign microenvi-
ronment. Fig. 2A shows two configurations for a droplet taking
the shape of a spherical cap adhering to a circular patch of radius
Ro on the flat surface. Outside this patch, the adherence is not
favorable (in physical terms, the droplet would not wet the foreign
microenvironment outside the circular patch).

First, it is observed that with adhesion to a surface, a minimum
value of the energy E/E* appears at small volumes (red 40%, blue

neighboring cells in the bone marrow of patients with ductal carcinoma
in situ (DCIS), the earliest and most noninvasive form of breast cancer
(400-fold magnification). Adapted from ref. 33. (1B) Disseminated
breast cancer cell (green) adhering to the microvasculature (red) of the
bone marrow in a mouse model. (Scale bar, 20 pm.) Adapted from ref.
34. (1C) Disseminated MM cells (brown) adhere to the endosteal surface
of trabecular bone in a mouse model. (Scale bar, 20 pm.) Adapted from
ref. 35. (1D) Disseminated breast cancer cell (green) adhere to the
microvasculature (red) of the brain in a mouse model. (Scale bar, 50
um.) Adapted from ref. 36. (2) Mechanical confinement. (2A and 2B)
Pancreatic ductal carcinoma (red) surrounded by collagen ECM (cyan)
before (2A) and after (2B) invasion of the surrounding murine tissue.
(Scale bar, 20 pm.) Adapted from ref. 37. (2C) Histopathological staining
of collagen (pink) shows a dense sheath of collagen surrounding the
tumor core in a patient diagnosed with pancreatic cancer. (Scale bar,
100 pm.) Adapted from ref. 38. (2D) Noninvasive mammary epithelial
spheroid (red) embedded in a 3D collagen hydrogel. (Scale bar, 200
pm.) Adapted from ref. 39. (3) Diffusion of oxygen and nutrients. (3A)
Fluorescent image of a human biopsy of squamous cell carcinoma of
the larynx shows that the outer cells (red) which are close to the blood
vessels (BV, white) to be less hypoxic than the cells at the core of the
tumor (green cells) close to the black necrotic (N) region. (3B) Hematox-
ylin and eosin histological staining of the same region. (Scale bar, 50
pm.) Adapted from ref. 40. (3C) Fate mapping of hypoxic cells in 3D
spheroid cultures reveal higher hypoxia levels at the core of the sphe-
roids (yellow region) as opposed to the outer region (orange). (Scale
bar, 100 pm.) Adapted from ref. 41. (3D) Human tumor cells injected
subcutaneously in mice reveal slower tumor size with impaired and less
developed vasculature for dormant, nonangiogenic tumors (Left) as
opposed to fast-growing angiogenic tumors (Right). (Scale bar of vascu-
lature images, 40 pm.) Adapted from ref. 42.
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Fig. 2. Spherical droplet adhering to a flat wetting surface. (A)
Graphical illustration of homogeneous and heterogeneous nucle-
ation, where the former corresponds to a nonadhering spherical
droplet (left circle) with radius R, surface area A, and volume V and
the latter to a sphere adhering to a wetting surface on a circular
patch of radius Ry. (B) Energy diagram as a function of volume
changes when the droplet adheres to a wetting surface. The
parameters E*, V*, and R* are the energy, volume, and radius of a
critical spherical droplet, respectively. The black line with /. =0
is the curve for a nonadherent spherical droplet, while the remain-
ing curves show what happens when the same droplet adheres to
a wetting surface on a contact circular patch with a radius 40 to
120% of the critical radius, R*, as indicated. For detailed
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60%, and purple 80%) (Fig. 2B). This minimum indicates the
existence of a metastable droplet whose size is directly related to
the radius of the adhesion patch, or, in other words, the amount
of surface cells adhere to. In the context of cancer dormancy, it
has been reported in multiple in vitro studies that adhesion of
breast or prostate cancer cells to ECM-derived proteins such as
fibronectin or collagen results in the up-regulation of transmem-
brane cell-ECM receptor integrins, which confer tumor cells with
enhanced survival abilities in the form of a growth-arrested dormant
phenotype (50-54). Likewise, it has been reported that at the site of
primary breast tumors there is a great abundance of collagenous
proteins, which bind to Discoidin Domain Receptors 1 and 2 (DDR1
and DDR2) transmembrane receptor kinases, which foster adhesion
and endow tumor cells with stemness properties via STAT3 sig-
naling (55, 56). Knocking out DDR1 in mouse models resulted in
increased tumor malignancy and metastatic potential (57).

On the metastatic site, Montagner et al. (58) recently revealed
that dormant disseminated breast cancer cells in the lung of
mice secrete fibronectin fibrils, which leads to the activation of
an integrin-mediated prosurvival mechanism. Seemingly, Carlson
et al. (34) showed that disseminated tumor cells residing in the
perivascular niche of the bone marrow are protected against
chemotherapy by adhering to the vascular endothelium (Fig. 1, 1B).
Surprisingly, deleting the integrin-mediated adhesion between
the tumor cells and their niche resulted in enhanced chemosensiti-
zation and prevention of bone metastasis, irrespective of cell cycle
and proliferation state of the cells (34). Using intravital imaging,
Lawson et al. (35) observed multiple myeloma (MM) cells switching
to a dormant state after adhering to the endosteal surface of tra-
becular bones (Fig. 1, 1C). Gene expression analysis revealed
that cell adhesion molecules such as Vcam1 and Axl were highly
up-regulated in dormant MMs, rendering them resistant to che-
motherapy (35). Highlighting the importance of engaging with
adhesion molecules, and not just their expression, recent work
has shown that breast cancer cells that directly engage with spe-
cific “integrin subtype-specific peptidomimetics” immobilized on
a surface via nanolithography display significant increase in survival
upon exposure to chemotherapeutics (59).

Analogous behavior to dormant cancer cells was observed for
adult quiescent hematopoietic stem cells, which, when presented
with substrates coated with bone marrow-inspired ECM ligands or
adherence junctions, showed reduced cycling and maintenance
of long-term multipotency (60-62).

Nonetheless, an important observation from the growth kinet-
ics of the adhering droplet is that, even though the size of the
metastable state increases with adhesion, at the same time its sta-
bility, or, in other words, the activation barrier for growth (as mea-
sured by the energy difference between the minimum and the
maximum of the curve), decreases (red 40%, blue 60%, purple
80%) (Fig. 2B). Concurrently, with increasing the size of the patch
of radius Ry the maximum value of the energy E/E* decreases
and, when the radius of the adhesion patch is equal to or exceeds
the critical radius of a spherical droplet, there is no more stability
(green 100% and grey 120% curves) (Fig. 2B). This indicates that,
above a certain threshold, increasing adhesion will result in the

mathematical derivations, see equations in SI Appendix. (C)
Example of an energy diagram illustrating a local energy minima
or metastable state, an unstable state and sustained growth with
the analogous proliferative state of cancer cells (illustrations
created with BioRender.com).
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droplet leaving its dormant state, which is, apparently, in contrast
to its previously described role in inducing and preserving dor-
mancy (34, 50-57).

An example illustrating this controversy comes from a recent
study featuring the effects of inflammation on dormant breast
and prostate DCCs in the lungs of mice (63). Before inducing
inflammation, DCCs resided in a dormant state with expressed
but not engaged integrin receptors (low degree of adhesion).
After tobacco smoke or bacterial lipopolysaccharide exposure,
activated neutrophils were recruited to the lungs, where they
formed neutrophil extracellular traps, which released ECM-
degrading enzymes, resulting in the cleavage of ECM proteins, in
particular laminin. These cleaved proteins then engaged with
DCCs integrin receptors (high degree of adhesion), triggering
their awakening and subsequent metastatic growth. Inhibiting
this interaction by means of blocking antibodies prevented such
outcome (63). Several other studies have similarly pointed to
integrin or other adhesion molecules as essential mediators in
the downstream signaling leading to the awakening of dormant
DCCs (64-69).

Efforts in deciphering this seemingly paradoxical effect of
adhesion have led to recognizing a graded rather than a binary
role for adhesion on dormancy vs. proliferation of cancer cells
(70-72). Within these lines, it had been previously reported
that dormant DCCs express lower levels of integrin compared
to their activated form (64, 73). Despite its simplicity, our
model manages to capture this graded effect of adhesion: 1)
Low adhesion (proportional to the size of the adhesion patch)
leads to the emergence of a metastable (dormant) state, 2)
increasing the adhesion patch lowers the energy required to
exit this state, 3) until the size of the adhesion patch reaches
the critical size of the droplet, resulting in the loss of metasta-
bility. Nevertheless, the concept of adhesion-mediated cancer
dormancy is still in its infancy and far more experimental mod-
els are needed to validate the proposed thesis.

Importantly, the single size-dependent parameter, which con-
trols both the size and the stability of the metastable droplet, is
the radius of the adhesive patch, or in other words, the contact
area to which cells/tissues adhere. The central role of a size-
dependent parameter has been seemingly observed for tissues
growing on substrates with different geometries (29). For a tissue
growing on top of a hollow cylinder, for instance, a maximum
height exists which the tissue will tend to reach, and above which
tissue growth will stop. This resembles the case of fracture gaps
present in osteotomy (74), where bone at each free end of the
fracture grows to bridge the gap. Based on this model, it can
be predicted that if the size of the segmental bone defect is
bigger than a critical value, complete bone filling and healing
will not take place (75).

Role of Mechanical Confinement

Growing tumors within different organs have been shown to be
surrounded by a plethora of cells and ECM which restrict their
growth in such confined microenvironment, while being sub-
jected to mechanical compression (76, 77). Premalignant and
less-invasive tumors in both humans and mouse models have
been widely reported of being surrounded by dense ECM fibers
(37, 38) (Fig. 1 2A-2D). Seemingly, single cancer cells have
been observed to reside within the dense collagen stroma
enclosing breast tumors (78). Here we seek to understand how
mechanical confinement provided by an elastic sheath, meant
to resemble a fibrous capsule with predominantly elastic
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Elastic sheath

E/E*

Viv*

Fig. 3. Spherical droplet mechanically confined by an elastic sheath.
Graphical illustration and energy diagram of a spherical droplet
mechanically confined by an elastic sheath meant to resemble an
ECM with predominantly elastic properties, as a function of volume
changes. p, shows the relation between the unstretched radius of
the sheath (Ry) and the critical radius of the droplet (R*). p character-
izes the stiffness of the elastic sheath in relation to the critical
energy of the droplet (E*) and p,. For detailed mathematical deriva-
tions, see equations in S| Appendix.

properties, restrains the growth of a spherical droplet starting
from a volume V; (corresponding to a sphere of radius Ry) (Fig. 3).

Given that the elastic energy of the sheath increases with the
volume of the droplet, if py = RO/R* is lower than 1 (py < 1), or in
other words if the initial radius of the sphere is lower than its criti-
cal radius, there is no minimum in the total energy. Instead, for
po>1 and for a sufficiently stiff sheath (p), a minimum of the
energy appears for a size larger than p, (how much larger will
depend on the stiffness of the elastic sheath). There are, however,
important differences from the previous case, where the droplet
growth was controlled only by adhesion to a substrate: 1) Now
the metastable state (corresponding to the minimum of the
energy) is at a relatively large size of the droplet (necessarily
larger than its critical size R*, given that the metastable state
emerges at V/V*>2), 2) the energy barrier (the difference
between the maximum and the minimum energy) to exit the dor-
mant state toward further growth is predicted to be very large or
even infinite. In this sense, such a state would represent a stable
state and not a metastable one, unless the elastic sheath is dam-
aged or degraded in some way. A change from elastic to viscous
properties of the ECM or proteolytic degradation could reflect
such variations (55).

Indeed, in benign tumors or early-stage carcinoma in situ,
growth is contained by a basement membrane which needs to be
breached either by proteolytic degradation through matrix metal-
loproteinases secreted by tumor and stromal cells or through
force-mediated remodeling and rupture for successful tissue
invasion and tumor progression (55, 79). Intuitively, recent in vitro
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experiments have shown that highly proliferative cancer cells
encapsulated in nondegradable stiff synthetic hydrogels display
several phenotypic features of dormant cancer cells (80). This
resemblance is reduced if cells were allowed to grow in degradable
hydrogels (80). In a less-intuitive in vitro study, it was observed that
even within nondegradable hydrogels with matching elastic
moduli, breast cancer cell cycle progression can be modulated
as a function of the stress relaxation (viscosity) properties of the
surrounding material (81). Specifically, encapsulation within
hydrogels with slow stress relaxation led to a higher number of
growth-arrested cells compared to the faster stress-relaxing hydro-
gels (81). As for the case of adhesion, mechanical confinement has
been shown to play a role in stem cell maintenance as well. Hema-
topoietic stem and progenitor cells within spatially constrained
microcavities or embedded in hydrogels of a higher degree of
cross-linking maintained a quiescent and undifferentiated state as
opposed to less-confining microenvironments (82, 83).

Theoretical models of tumor growth within a surrounding tis-
sue have similarly highlighted the importance of the ECM’s phys-
ical properties in driving tumor progression. Basan et al. (43),
for instance, have shown that if the surface tension of the ECM
basement membrane surrounding the tumor increases faster
than the radius of the tumor, cancer expansion will eventually
stop, resembling a dormant state. Building on the previously
described (84) vertex model of solid-liquid transition of a two-
dimensional (2D) confluent monolayer, Merkel and Manning (85)
generalized a three-dimensional (3D) tissue-based vertex model
introducing the ECM as a spring network with interfacial line
tension (y) surrounding a tissue. Interestingly, above a certain
critical tension (y > y,), a cavitational instability occurs, resulting in
a compression-induced fluidization of the tissue. Below this critical
tension (y < vy,), tissue boundaries become unstable due to cavities
and empty spaces hindering celFECM coupling (86). In the com-
pact regime, the tissue is not affected by the network tension and
its state is a function of cell shape as defined by 2D vertex models
(84). On the other hand, when y is low, the tissue becomes sensi-
tive to the network and its phase will depend on both shape and
cell-cell alignment (86). Based on these results, the authors postu-
lated that prior to invasion cell alignment might lead to tumor
solidification, which, upon breaching through the basement mem-
brane, will switch to a fluid behavior (relative to the external ECM),
leading to tumor migration (86). Importantly, this and previous
work suggests that in solid-to-liquid transitions the origin of rigidity
remains purely geometric and therefore robust among different
biological systems for both 2D and 3D configurations (84, 85).

These examples underline the importance of the ECM’s con-
fining role, which, when coupled with specific mechanical proper-
ties, could grant (or prevent) tumor growth and progression by
means of protease-dependent and/or independent mechanisms.

Role of Diffusion of Oxygen and Nutrients

The high proliferation rate of tumor cells requires extensive nutri-
ent and oxygen supply. Nonetheless, this is impaired by the highly
dense tumor mass, whose growth is mediated by a turnover/
balance between apoptotic and proliferating cells (87), until
hypoxia-mediated signaling triggers ECM remodeling and subse-
quent vascularization promoting tumor progression (40-42, 88)
(Fig. 1, 3A-3D). Several studies have associated tumor dormancy
with impaired vasculature in both primary and secondary sites
(42, 89), which can be interrupted by angiogenic bursts within
the tumor microenvironment (90).
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Fig. 4. Spherical droplet with size-dependent growth. Graphical
illustration and energy diagram of a spherical droplet with size-
dependent growth as a function of volume changes. The assumed
tissue cannot survive below a distance D from the surface due to
necrosis associated with limited diffusion of oxygen and nutrients. &
is the ratio of the thickness of the viable part (D) and the critical
radius of the droplet (R*). For detailed mathematical derivations,
see equations in SI Appendix.

To model such behavior with a very simplistic approach, here
we consider a tissue that cannot survive below a distance D from
the surface, as it gets necrotic due to limited diffusion of oxygen
and nutrients Fig. 4. Hence, the volume is reduced to the outer
shell with thickness D, as soon as the radius of the droplet R > D.

When looking in more detail at this model, it appears that this
function has no minimum outside p = 0 for any value of D, mean-
ing that no metastable state is predicted which could be inter-
preted in terms of dormancy. In line with our physical framework,
and in accordance with clinical data, Monte Carlo simulations
have predicted that cancer dormancy as a function of balanced
apoptosis/proliferation alone has low survival probabilities, sug-
gesting that accounting for an alternative growth-arrested or dor-
mant state is indispensable to explain the strikingly high recurrence
of late-stage metastatic relapse (91).

Discussion and Concluding Remarks

The nonlinear progression of tumor growth at the primary com-
pared to the secondary site has led cancer biologists and clinicians
to emphasize more than ever the role of the tumor microenviron-
ment in modulating the growth of DCCs in this invisible phase of
metastasis (20). Inspired by nucleation theory and concepts from
thermodynamic phase separation, here we propose that the
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emergence of metastable states in the growth kinetics of surface-
directed or enclosed droplets can be assumed as proxies of
cancer dormancy. Importantly, and in line with experimental
and clinical data, we show that the only scenarios where a meta-
stable state is predicted is when physical aspects of the micro-
environment are included in the model: adhesion and
mechanical-mediated confinement. It is worth noting that the con-
cepts of phase separation and nucleation are not new to biology:
At the subcellular level, a fast-growing body of evidence is pointing
toward liquid-liquid phase separation underlying the organization
of membrane-free biomolecular condensates (92), known to par-
ticipate in a wide variety of intracellular processes such as DNA
damage response (93), protein translocation (94, 95), and signal
transduction (96). Importantly, nucleation was shown to govern
growth initiation and size control of these condensates (97).
These, in turn, interact with existing substrates which energeti-
cally favor their coacervation (agglomeration), as shown for
chromatin during spindle formation (98), ribosomal RNA for the
nucleolus (99), or centrioles for centrosomes (100, 101).

To achieve an optimal level of functionality, biological systems
require adaptability and robustness during growth and develop-
ment or upon environmental perturbations. Being near critical
and metastable states during phase transitions allows the system
to reach a balance between stability from the ordered and versa-
tility from the disordered state, respectively (10, 102). Slow-driven
processes in particular, such as evolution (103), morphogenesis
(11), or dormancy (9), have proven to fit analogies of criticality,
metastability, and phase transition processes. Their long time
scales and environmental interaction-dominated nature leads
to large fluctuations at transition points, which results in high
energy gains upon even small perturbations (11, 104). Studies on
brain neural networks have shown that the number of metastable
states is highest at the critical point, where the role of the ordered
state is to optimize information storage, while the disordered
state maximizes transmission efficiency (105). Extensive empirical
evidence from gene expression patterns (106), morphogenesis

(11), cell growth (107), and dormancy (9), alongside recent com-
putational and analytical models from information theory (102),
substantiate this hypothesis (108).

With this in mind, here we propose that cancer dormancy
can be regarded as an example where an equilibrium between
stability and adaptability is achieved: DCCs reside in a growth-
arrested state (e.g., mediated by adhesion or confinement),
acquiring several survival traits against an otherwise hostile envi-
ronment (robust ordered state). Concurrently, this metabolically
less-committing noncycling state allows DCCs to activate spe-
cific molecular pathways which act by influencing their sensitiv-
ity to changes in the microenvironment, or by actively fostering
growth-favoring/suppressing conditions (adaptability state) (109).
In this article, we have not considered adaptability, as the aim
was to advance the idea of viewing dormancy from a metastabil-
ity theory perspective. Future work could address this point by
introducing a chemical potential, where spheroid growth rate is
not constant but rather a variable which depends on the pres-
ence/absence of growth factors (29), or alterations of surface
tension due to changes in cytoskeletal contractility of the cells
within the tissue (110, 111).

Notably, the physical framework of microenvironment-mediated
dormancy proposed in this article does not oppose or replace
genetic/molecular signaling or other subcellular mechanisms
involved in the process. Instead, it proposes a multiscale hand-to-
hand relationship, where the microenvironment feeds information
to cells/tissues, and vice versa.

Data Availability. The data presented here have been deposited
in Edmond, Open Access Data Repository of the Max Planck
Society (https://dx.doi.org/10.17617/3.8]), or provided in the SI
Appendix and within this paper.
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