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Recurrent metastasis following extended periods of disease-free survival remains a common
cause of morbidity and mortality for many cancer patients. Recurrence is thought to be
mediated by tumor cells that escaped the primary site early in the disease course and colonize
distant organs. In these locations, cells adapt to the local environment, entering a state of long-
term dormancy in which they can resist therapy. Then, through mechanisms that are poorly
understood, a proportion of these cells are reactivated and become proliferative, forming
lethal metastases. Here, we discuss disseminated tumor cell dormancy in recurrent metasta-
sis. We discuss mechanisms known to control entrance of cells into dormancy, highlighting
the relevant microenvironments or “niches” in which these cells reside and mechanisms
known to be involved in dormant cell reactivation. Finally, we consider emerging therapeutic
approaches aimed at eradicating residual disease and preventing metastatic relapse.

Advances in our understanding of cancer bi-
ology, alongside improved clinical manage-

ment strategies, has seen survival rates following
a cancer diagnosis increase dramatically since
the 1970s, for both childhood and adult cancers
(Quaresma et al. 2015). However, despite this
achievement, many challenges remain. A critical
problem is disease recurrent metastasis: a diffi-
cult to treat and often deadly consequence of the
early systemic dissemination and long-term sur-
vival of cancer cells, through mechanisms that
remain incompletely understood.

In this article, we will review the phenome-
non of disseminated cancer cell dormancy. We
will focus on cancer cells that escape the primary
tumor early in the disease course and colonize
distant sites, surviving for long periods of time
in a reversibly inactive or “dormant” state, be-

fore their subsequent reactivation and metasta-
tic outgrowth, sometimes years after the patient
is believed to be cancer-free.

CANCER CELL DORMANCY IN DISEASE
PROGRESSION

It is important to first clarify how we define the
term dormancy, as it is applied broadly in the
cancer literature and often refers to different
phenomena. One form of dormancy refers to
dormancy of a tumor mass: the cessation of
growth (or the constant size) of a whole tumor,
either at a primary or metastatic site. Although
cells within the tumor may be replicating, the
overall mass is constrained and does not expand
because of the equivalent rates of cell death (Yeh
and Ramaswamy 2015). Cell death in this

Editors: Jeffrey W. Pollard and Yibin Kang
Additional Perspectives on Metastasis: Mechanism to Therapy available at www.perspectivesinmedicine.org

Copyright © 2020 Cold Spring Harbor Laboratory Press; all rights reserved; doi: 10.1101/cshperspect.a037556
Cite this article as Cold Spring Harb Perspect Med 2020;10:a037556

1

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg

mailto:p.croucher@garvan.org.au
mailto:p.croucher@garvan.org.au
mailto:p.croucher@garvan.org.au
mailto:p.croucher@garvan.org.au
http://www.perspectivesinmedicine.org
http://www.perspectivesinmedicine.org
http://www.perspectivesinmedicine.org
http://www.perspectivesinmedicine.org/site/misc/terms.xhtml


context is typically caused by either physical
limitations such as hypoxia and limited vascu-
larization, and is often called “angiogenic dor-
mancy” (Yeh and Ramaswamy 2015), and/or a
continued clearance of proliferating cells by the
immune system maintaining the tumor mass,
termed “immunologic dormancy” (Yeh and
Ramaswamy 2015). An alternative to this con-
cept is the concept of “cellular dormancy,” a
reversible nondividing state attained by single
tumor cells attempting to adapt and survive in
changing environments (Hadfield 1954; Sosa
et al. 2014; Yeh and Ramaswamy 2015). This
review is principally concerned with the biology
and mechanisms of cellular dormancy as they
relate to relapsing metastasis.

Historical and Modern Perspectives

The concept of disseminated tumor cell dor-
mancy developed principally from clinical
observations. One of the earliest cases was doc-
umented in 1934 by Australian pathologist Ru-
pert Willis, in which he described the notion of
cancer cell dormancy as an explanation for re-
current metastases observed long after a pa-
tient’s primary disease treatment:

“When long delayed metastatic tumors appear in
patients inwhom there is no local recurrence of the
extirpated primary growth, it is clear that the sec-
ondary growths must have arisen from tumor-
emboli disseminated from the primary growth
before its removal. The neoplastic cells must have
lain dormant in the tissues in which they were
arrested, and their resumption of growth must be
attributed to some alteration in the qualities of
these tissues or to some release of growth restraints
exercised by them on tumor cells” (Willis 1934).

Since this early concept that recurrent metasta-
ses are growths derived from previously dissem-
inated and dormant tumor cells, decades of clin-
ical observations have corroborated this original
assumption (Sosa et al. 2014; Friberg and
Nyström 2015; Kim et al. 2015; Yeh and Ram-
aswamy 2015; Liu et al. 2017). For example, in
patients with recurrent breast and prostate can-
cer metastases, relapse can be seen years or even
decades following successful primary treatment
(Zhang et al. 2013; van der Toom et al. 2016).
Recurrent metastases are similarly observed in

renal cell (McNichols et al. 1981; Kucharczyk
and Matrana 2016) and soft tissue carcinomas
(Toulmonde et al. 2014), and in malignant mel-
anomas, in which relapse can occur up to 15 yr
later (Faries et al. 2013), and in rare cases after
more than 40 yr of disease-free survival (Ter-
horst et al. 2010; Saleh and Peach 2011). Fur-
thermore, examples of tumor cell dormancy
come from modern organ transplantation stud-
ies, in which inadvertent transfer of malignant
cells has occurred between organ donor and or-
gan recipient, even though donors were believed
to be cured of their cancer up to a decade prior to
transplantation (Friberg and Nyström 2015).

DORMANTCANCER CELLS EXIST INNICHES

One of the challenges in understanding tumor
cell dormancy is the variety of tissues in which
these cells are found. Common sites harboring
disseminated cells include soft tissues such
as the lung, brain, lymph nodes, and liver
(Cowie et al. 1997; Edry Botzer et al. 2011; Singh
et al. 2014), as well as calcified skeletal tissues
(Croucher et al. 2016). The cell type heteroge-
neity within these microenvironments makes
understanding common and distinct dormancy
mechanisms challenging, however, progress is
being made in this area.

Accumulating evidence suggests that cell-
extrinsic microenvironmental mechanisms reg-
ulating endogenous cell dormancy are hijacked
by disseminated tumor cells for their own sur-
vival advantage. For example, hematopoietic
stem cells (HSCs) are capable of long-term sur-
vival in reversible states of dormancy (Wilson
et al. 2008) and these are regulated through
interactions with their unique tissue microenvi-
ronments or “niches” in bone (Wilson et al.
2007). Disseminated tumor cells of several can-
cer types have been reported to hijack these
endogenous HSC regulatory mechanisms. For
example, the CXCL12 chemokine signaling
axis (Liekens et al. 2010) is a critical regulator
of HSC homing and quiescence (Sugiyama et al.
2006), and is used by both prostate cancer and
breast cancer cells during colonisation of bone
and entrance into dormancy (Shiozawa et al.
2011; Conley-LaComb et al. 2016; Price et al.
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2016). Additionally, diverse cell types within the
HSC niche, including the perivascular endothe-
lial cells of the blood vessels (Ding et al. 2012)
and neighboring mesenchymal populations, in-
cluding osteoblastic cells and adipocytes (Ask-
myr et al. 2009; Naveiras et al. 2009), all play
critical endocrine and paracrine roles in niche
homeostasis and dormancy.

Although the niches in bone remains some
of the most well studied microenvironments re-
lated to cancer cell dormancy, it is plausible that
comparable vascular-related mechanisms also
control dormancy outside bone. Indeed, peri-
vascular cell interactions are known to be in-
volved in dormancy of brainmetastases (Kienast
et al. 2010), and hepatic stellate cells of the sinus-
oidal capillaries may be involved in pancreatic
ductal adenocarcinoma dormancy in the liver
(Lenk et al. 2018; Fabian et al. 2019). Neverthe-
less, some aspects of the cell-extrinsic and mo-
lecular control of tumor cell dormancy are likely
to be organ specific, particularly those involving
tissue-restricted cell types such as osteoblasts in
bone (Croucher et al. 2016). Indeed, tumor cell
dormancy in models of multiple myeloma has
been shown to be osteoblastic niche specific
(Chen et al. 2014; Lawson et al. 2015), with path-
way targeted interventions affecting skeletal but
not spleen resident dormant cell numbers
(Khoo et al. 2019). Understanding and distin-
guishing organ-specific from organ-indepen-
dent mechanisms of dormancy is an important
and ongoing research goal.

MOLECULAR MECHANISMS GOVERNING
ENTRANCE INTO DORMANCY

A number of cell-signaling pathways have been
implicated in the induction of tumor cell dor-
mancy. Canonical ERK/p38 mitogen-activated
protein kinase (MAPK) activation regulated
via transforming growth factor (TGF)-β signal-
ing has been shown to induce dormancy of head
and neck squamous cell carcinoma cells in bone
(Bragado et al. 2013). Additionally, osteoblasts
expressing high levels of secreted TGFβ2 activate
p38 MAPK in human prostate cancer cell lines,
inducing dormancy (Yu-Lee et al. 2018). Indeed,
this pathway appears to be a canonical dor-

mancy regulator. In several cancer lines includ-
ing breast, prostate, melanoma, and fibrosarco-
ma cell lines, the phosphorylated ERK/p38 ratio
can predict tumor growth and cellular dor-
mancy status in vivo (Aguirre-Ghiso et al.
2003). Stress signaling through these pathways
regulates mitogenic signaling and can induce
cell cycle arrest via expression of a network of
transcription factors (Bulavin and Fornace 2004;
Adam et al. 2009). Furthermore, expression of
p38 target genes in the uncoupling protein re-
sponse pathway can predict patient relapse (Lin
et al. 2007; Schewe and Aguirre-Ghiso 2008);
whereas p38 isoform expression up-regulates
endoplasmic reticulum chaperone proteins,
conferring chemotherapeutic resistance to dor-
mant cells (Ranganathan et al. 2006).

Cellular dormancy can also be induced by
signaling through TAM receptor tyrosine kin-
ases; in both solid tumors and haematological
cancers. For example, the tyrosine kinase recep-
tors TYRO3, MER, and AXL, are critical for
native HSC dormancy control, and this pathway
controls prostate cancer cell dormancy in bone
through binding of the osteoblast factor GAS6
(Shiozawa et al. 2010a; Taichman et al. 2013;
Yumoto et al. 2016). Similarly, lymphoblastic
leukaemia cells are induced into a state of dor-
mancy by binding of GAS6 to MER, conferring
extended survival and chemotherapeutic resis-
tance via a MAPK-dependant mechanism
(Shiozawa et al. 2010b). When multiple myelo-
ma cells interact with osteoblastic cells in vivo,
they enter a state of dormancy, mediated by the
induction of a suite of myeloid lineage related
genes in the tumor cells (Khoo et al. 2019). AXL
is a key induced gene in this context and block-
ing AXLwas associated with release of cells from
dormancy (Khoo et al. 2019). Notably, AXL and
nearest-neighbor genes were able to distinguish
patients with myeloma from normal subjects,
and those with the premalignant monoclonal
gammopathy of undetermined significance.
This dormant cell myeloid signature was also
able to predict survival, pointing to an impor-
tant functional role (Khoo et al. 2019).

In addition to these pathways, dormancy
can be induced by several other likely inter-
related systems, including stromal cell bone
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morphogenetic protein signaling (Buijs et al.
2007; Kobayashi et al. 2011), TGF-β related
pathways (Prunier et al. 2019), nutrient depri-
vation (Jo et al. 2008), hypoxia (Fluegen et
al. 2017), and autophagy response pathways
(Mowers et al. 2017). Ultimately, tumor cell dor-
mancy involves attaining a state of reversible
cell-cycle arrest via a complex interaction be-
tween the tumor cell and the heterogeneous sur-
rounding environment that they reside within.
Improving our understanding of how these and
other pathways regulate tumor cell dormancy
will advance our understanding of the mecha-
nisms driving the escape from dormancy and
the development of disease.

DORMANT TUMOR CELL REACTIVATION

Tumor cells arriving in a niche will engage with
the surroundingmicroenvironment, andmount
a series of adaptive responses involving cell-
intrinsic signaling programs. These adaptations
in concert with niche-specific extrinsic para-
crine signaling, ultimately results in the induc-
tion of cellular dormancy and long-term tumor
cell survival. What is much less well understood
is the subsequent process of dormant cell reac-
tivation, a seemingly stochastic event involving a
proportion of cells escaping from dormancy and
initiating metastatic outgrowth via mechanisms
that remain poorly characterized.

Recent work has highlighted novel immune
cell inflammatory mechanisms by which dor-
mant cancer cells in the lung can be reactivated
to form aggressive metastases. During sustained
inflammation, lung resident neutrophils were
shown to produce a secreted extracellular trap,
a mixture of excreted DNA and cytotoxic pro-
teins and proteases targeting foreign immuno-
genicmaterial. This neutrophil extracellular trap
initiated the reactivation of dormant breast and
prostate cancer cells in the lung through remod-
eling of the surrounding extracellular matrix,
resulting in aggressive lung metastases (Al-
brengues et al. 2018). Indeed, integrin and
extracellular matrix remodeling events have pre-
viously been described as central dormant cell
reactivation mechanisms (Aguirre Ghiso et al.
1999; Hamidi et al. 2016). These immune relat-

ed inflammatory pathways present encouraging
therapeutic opportunities.

A similar mechanism involving extracellular
matrix remodelling is that of tissue angiogenesis,
the sprouting of new blood vessels from exist-
ing vascular structures. This process involves
vascular endothelial cells remodelling the extra-
cellular environment through integrin receptor
binding to allow new vessels to form (Stupack
andCheresh 2004; Avraamides et al. 2008). Dor-
mant tumor cells residing in perivascular niches
associated with vessels are retained in a dormant
state through endothelial thrombospondin-1,
and can be released from dormancy during neo-
vascular formation (Ghajar et al. 2013). Notably,
a stable endothelium constituted a dormancy
niche, whereas neovascular tip cells promoted
reactivation through the expression of tumor-
promoting factors periostin and TGF-β1 (Gha-
jar et al. 2013).

Vascular and extracellular matrix related
mechanisms are of particular interest when
studying dormant cell reactivation, as they may
represent system wide and organ-independent
pathways. Equally important, although unlikely
mutually exclusive, are organ-specific mecha-
nisms involving tissue-restricted cell types;
such as the involvement of skeletal resident os-
teoclastic cells in bone. In preclinical models of
bone metastasis, interventions stimulating os-
teoclast remodeling of the bone compartment,
including castration (Ottewell et al. 2014), ovari-
ectomy (Ottewell et al. 2015), and vitamin D
deficiency (Ooi et al. 2010), are all capable of
driving reactivation of a proportion of dormant
cells present in bone; suggesting a central role for
osteoclast remodeling in the reactivation of dor-
mant cells. In preclinical models of multiple
myeloma, dormant tumor cells were visualized
residing on the endosteal bone surface and
RANK-ligand stimulated osteoclast remodeling
of the niche reactivated a subset of dormant cells
and initiated tumor proliferation (Lawson et al.
2015). This points to an organ restricted cell
type, in this case the osteoclast, remodeling
the environment to release cells from niche-
dependent control. In support of this, tumor
cells themselves may be capable of recruiting
osteoclasts to facilitate dormant cell reactivation.
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It has been shown that vascular cell adhesion
molecule-1 (VCAM-1) expression on dormant
breast cancer cells recruits osteoclast progenitors
through their expression of the integrin α4β1,
ultimately driving tumor cell reactivation and
the vicious cycle of bone destruction and tumor
expansion (Lu et al. 2011). VCAM1 and α4
integrin inhibition in this context blunted the
progression of metastasis and preserved bone
structure (Lu et al. 2011).

Whether osteoclast-mediated reactivation is
related to the physical dislodging of cells from
the dormant cell niche in which they reside, the
associated remodeling of vascular structures in
the bone compartment, or the result of the re-
lease of growth factors either previously seques-
tered or newly acquired in the environment, or a
combination of all of these, remains to be de-
fined. In any case, these data raise important
questions regarding the stochastic nature of re-
activation events in bone, particularly in light of
evidence suggesting only a limited number of
dormant cells are reactivated by osteoclasts at
any one time (Lawson et al. 2015). Further
work is needed to clarify whether heterogeneity
in dormant cell populations exists, and how this
relates to their selective reactivation.

CLINICAL PERSPECTIVES IN CANCER
MANAGEMENT

Managing the burden of recurrent metastasis
remains a significant clinical challenge. Current
approaches to treating relapse and metastatic
outgrowth from dormancy are largely reactive
in nature, although measures designed to pre-
vent relapse are limited. Nonetheless, progress
in our understanding of disseminated tumor cell
dormancy mechanisms, as well as processes in-
volved in reactivation, are beginning to highlight
therapeutic opportunities. For example, one ap-
proach is to target tumor cell-extrinsic mecha-
nisms of dormancy reactivation, in an effort to
hold disseminated cells in a dormant state in-
definitely. This approach may have several ad-
vantages. By maintaining the environments that
retain cells in a dormant state, patients could be
spared more aggressive therapies targeting re-
sidual disease and reducing the risk of relapse

and increasing survival. Indeed, in the context of
bone metastases, bisphosphonate treatment in-
hibiting osteoclasts to reduce tumor associated
skeletal disease, has seen the parallel benefit of
reducing metastatic recurrence and improving
patient survival in some studies (Morgan et al.
2010; Chlebowski and Col 2011; Coleman et al.
2014;Macherey et al. 2017). Although themech-
anism that accounts for this is poorly defined, it
is likely that one mechanism is the maintenance
of the dormancy niche in bone and reduced
osteoclast-mediated reactivation. Nevertheless,
the data offer proof of principle that strategies
aimed at maintaining the stability of microenvi-
ronments in which dormant cells are known to
reside, may alter the clinical course of dissemi-
nated disease.

An alternative approach tomaintaining cells
in a dormant state is to liberate dormant cells
from niche-dependent control, thereby making
cells more susceptible to conventional chemo-
therapeutic approaches. Reactivation could be
achieved by targeting dormancy pathway-
specific mechanisms, including AXL, p38, or
TGF-β2 inhibition (Bragado et al. 2013; Khoo
et al. 2019), or niche-dependent mechanisms of
control. In the case of bone, this could include
osteoclast activators such as RANK-ligand
(Lawson et al. 2015). This would stimulate
tumor cell exit from dormancy and could be
followed by treatment with antiproliferative
therapies. Although this approach offers poten-
tial to eradicate residual disease, it comes with
the risk of failing to eradicate all cells and stim-
ulating metastatic tumor growth.

The optimum strategy would be to target
dormant cells directly and eradicate them in
situ in the dormant cell niche. Targeted inhibi-
tion of IGF-1R signaling, as well as chromatin
structure remodeling with an histone deacety-
lase (HDAC) inhibiter is effective at eliminating
drug tolerant dormant subpopulations of mela-
noma, colon, and lung cancer cells (Sharma et al.
2010). This chromatin-modifying approach has
also been used as a sensitizing agent in combi-
nation therapy approaches with other tumor
growth inhibitors (Greve et al. 2015). Besides
epigenetic approaches to target dormant cells,
metabolic targets may also be promising. It has
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been shown that dormant slow-cycling tumor
cell populations are highly dependent on mito-
chondrial respiration, and can be eradicated
using oxidative phosphorylation andmitochon-
drial electron transport chain inhibitors (Roesch
et al. 2013; Viale et al. 2014). These findings
suggest that combination treatments may be
an optimal approach; with chemotherapeutic
drugs targeting proliferating cells and metabolic
inhibitors targeting dormant slow cycling cells
to eliminate residual disease. An alternative dor-
mancy target in this approach could be to use
molecules and pathways known to be enriched
in dormant cells (Khoo et al. 2019) to develop
targeted delivery of cytotoxic killing agents. Fi-
nally, immune targeted approaches also hold
potential for dormant cell eradication (Goddard
et al. 2018). It is known that down-regulation of
major histocompatibility (MHC) class 1 is a
mechanism by which dormant tumor cells
might evade CD8+ T cell recognition (Pantel
et al. 1991; Agudo et al. 2018). Data also suggests
adaptive immune cells themselves (Koebel et al.
2007) as well as cytokines (Teng et al. 2012) can
act to maintain dormancy independent of tu-
morMHCexpression; although thismechanism
could be related to the equilibrium phase of
immunologic dormancy rather than a specific
growth-arrested cellular dormancy mechanism.
Nevertheless, continued development of our
understanding of the relationship between the
immune system and cellular dormancy will aid
in the development of treatments to increase
dormant cell immunogenicity, revealing dor-
mant cells to the immune system to stimulate
endogenous immune-mediated killing as an
eradication strategy for residual disease.

SUMMARY AND CONCLUDING REMARKS

Our understanding of cancer cell dormancy has
improved in recent years. This has largely been
driven by research in animal models of dor-
mancy. Although the clinical translation of
this work has yet to be realized, this remains a
priority. The development of new single-cell
sequencing technologies and high-resolution
imaging now affords opportunities to better
understand dormant cancer cells and to the fol-

low the evolution of disease from the initiating
dormant cell to overt metastasis. This will con-
tinue to identify new ways to target and ulti-
mately eradicate these cells. Furthermore, this
knowledge may prove important in predicting
whowill develop metastatic disease in the future
and who requires treatment now to stop this
happening in the future. Continued work on
understanding the genetic heterogeneity in dor-
mant cell populations, as well as mechanisms of
dormant cell drug resistance and reactivation,
holds the key to developing single targeted or
combination treatment approaches to eradicate
residual disease affecting a true cure for meta-
static cancers.
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