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Abstract

Background: Bone marrow is a common site of metastasis for a number of tumor

types, including breast, prostate, and lung cancer, but the mechanisms controlling

tumor dormancy in bone are poorly understood. In breast cancer, while advances in

drug development, screening practices, and surgical techniques have dramatically

improved survival rates in recent decades, metastatic recurrence in the bone remains

common and can develop years or decades after elimination of the primary tumor.

Recent Findings: It is now understood that tumor cells disseminate to distant

metastatic sites at early stages of tumor progression, leaving cancer survivors at a high

risk of recurrence. This review will discuss mechanisms of bone lesion development

and current theories of how dormant cancer cells behave in bone, as well as a number

of processes suspected to be involved in the maintenance of and exit from dormancy

in the bone microenvironment.

Conclusions: The bone is a complex microenvironment with a multitude of cell

types and processes. Many of these factors, including angiogenesis, immune

surveillance, and hypoxia, are thought to regulate tumor cell entry and exit from

dormancy in different bone marrow niches.
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1 | INTRODUCTION

Tumor cells frequently home to the bone marrow, where they

encounter a unique microenvironment that contains a milieu of

growth factors and cell types and is orders of magnitude more rigid

than the primary tumor. Bone metastases are often observed in

patients with breast, prostate, and lung cancer, but have been

reported for a number of other tumor types1-4 and will likely increase

as treatments that target the primary tumor continue to improve.

Upon dissemination into the bone marrow, tumor cells come in

contact with and compete for the perivascular and endosteal niches,

and may either grow and colonize the marrow or enter a dormant

state. In breast cancer patients, and in patients with estrogen receptor

positive (ER+) disease in particular, this period of dormancy can last

anywhere from months to decades.5

Upon dissemination into the bone marrow, tumor cells frequently

secrete parathyroid hormone related protein (PTHrP), which signals
wileyonlinelibrary.com/jour
through the parathyroid hormone (PTH) type 1 receptor (PTH1R) on

the surface of osteoblast lineage cells to promote their activity and

differentiation. PTHrP:PTH1R signaling results in increased expression

of receptor activator of nuclear factor kappa‐B ligand (RANKL) on

osteoblasts, which binds to its receptor RANK on pre‐osteoclasts to

promote osteoclastogenesis.6 Tumor cells may also secrete

interleukins (e.g. IL‐6 and IL‐8) to stimulate osteoclastogenesis at the

tumor‐bone interface. This increase in the number and activity of

osteoclasts results in localized bone resorption and the release of

growth factors from the bone matrix, such as transforming growth

factor β (TGF‐β), insulin‐like growth factor I and II (IGF‐I/II), platelet

derived growth factor (PDGF), and bone morphogenetic proteins

(BMPs). These growth factors normally function to couple osteoclast

and osteoblast activity, but in the context of the tumor‐bone microen-

vironment can also stimulate tumor cell proliferation to further

enhance the secretion of osteolytic factors and promote tumor cell

growth7 (Figure 1). These interactions were coined the “vicious cycle”
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FIGURE 1 Mechanisms of tumor‐induced
bone destruction. Tumor cells secrete
parathyroid hormone related protein (PTHrP),
which signals through parathyroid hormone
receptor type 1 (PTH1R) on the surface of
osteoblasts to promote their activity and
differentiation. Increased osteoblast activity
results in increased secretion of the receptor
activator of nuclear factor kappa‐B ligand
(RANKL), which binds to RANK on pre‐
osteoclasts to promote osteoclastogenesis
and on mature osteoclasts to stimulate their
activity. Increased number and activity of
osteoclasts results in more bone resorption

and release of growth factors from the bone
matrix, including transforming growth factor β
(TGF‐β), insulin‐like growth factor I and II
(IGF‐I/II), platelet derived growth factor
(PDGF), and bone morphogenetic proteins
(BMPs). These growth factors normally
function to couple osteoclast and osteoblast
activity, but can also stimulate further tumor
cell proliferation and PTHrP production by the
tumor cells to feed this cycle of bone
destruction
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by Greg Mundy6 and this theory has been demonstrated by multiple

groups over the last few decades.8-12 While many of these

interactions are well‐defined, the steps prior to the induction of

osteolysis, and specifically, how tumor cells enter and exit dormancy

and initiate osteolysis in the bone marrow, are less clear but actively

being explored.

Prior to the process of colonization, bone‐disseminated tumor

cells may enter a prolonged state of dormancy, where the cells survive

in the bone but do not grow into clinically detectable metastases.13

The mechanisms controlling dormancy are still poorly understood,

but many groups are working to identify factors that regulate

dormancy in various tissues.14 A clearer understanding of these
mechanisms is fundamental to tumor biology and our understanding

of metastatic colonization of distant sites, and could also lead to

new therapeutic strategies to prevent the development of bone

metastases and the establishment of the vicious cycle.

The bone is a complex organ responsible for hematopoiesis, pro-

tection of vital organs, and facilitation of movement. When discussing

the interaction of tumor cells with other bone‐resident cell types, it is

important to appreciate the different niches that are present in the

bone marrow: the perivascular niche, hematopoietic niche, and the

endosteal niche (Figure 2).5 The perivascular niche of stable

microvessels can promote tumor dormancy, while neovascular tips

support rapid tumor cell proliferation.15 The hematopoietic niche,
FIGURE 2 The bone is composed of three
distinct niches that can exert pro‐ or anti‐
dormancy effects. The perivascular niche
contains blood vessel lining endothelial cells
that can secrete factors to push cell into, or
out of, dormancy, and signaling between
endothelial cells and hypoxic tumor cells can
drive tumor vascularization and escape from
dormancy. Hematopoietic stem cells (HSC)
and mesenchymal stem cells (MSC) that reside
in the hematopoietic niche secrete signaling
factors or produce extracellular vesicles that
can influence a cell's dormancy status. The
endosteal niche contains osteoclasts and
osteoblasts that play a role in the vicious
cycle, but can also secrete factors to promote
dormancy. Since these niches are in close
proximity to one another, tumor cells will
often seed in the bone marrow and
experience the effects of multiple niches
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which is replete with hematopoietic stem cell (HSC) maintenance

factors produced by osteoblasts and endothelial cells, is thought to

contribute to the quiescence of tumor cells as well as the resident

stem cells.16-18 Endothelial cells in the bone marrow support the

hematopoietic niche by expressing factors such as E‐selectin, fibro-

blast growth factor 2 (FGF2), delta‐like 1 (DLL1), insulin‐like growth

factor‐binding protein 2 (IGFBP2), angiopoietin 1 (ANGPT1), desert

hedgehog (DHH) and epidermal growth factor (EGF).19 The endosteal

niche is home to osteoblasts and osteoclasts that are responsible for

bone remodeling and healthy skeletal homeostasis.20 Importantly,

these niches may overlap considerably in the bone and therefore

simultaneously influence tumor cell dormancy and proliferation status

in bone, as observed by the multiple supportive roles for endothelial

cells and potential overlap between the hematopoietic and endosteal

niche. While osteoblasts secrete RANKL, to drive osteoclastogenesis

and the bone remodeling cycle, and osteoprotegerin (OPG), to main-

tain the balance of osteoclast and osteoblast activity, the role of oste-

ocytes, or terminally differentiated osteoblasts, in signaling to the

various osteogenic cells to maintain bone homeostasis is now appreci-

ated.20 While there is considerably less known about the role for oste-

ocytes in tumor dormancy in bone, it is well recognized that

osteoblasts and osteoclasts contribute to tumor‐induced bone

destruction and can also produce factors to maintain tumor dormancy.
1.1 | Clinical implications of bone metastasis

Despite improvements in early detection and the development of

tumor‐targeted therapies, breast cancer remains the most common

cancer diagnosis for women and accounts for the second most

cancer‐related deaths in the United States.21 Many of these deaths

are due to metastatic disease, with one of the most common sites of

metastasis being the bone. Up to 70% of patients that succumb to

metastatic breast cancer are found to have bone metastases upon

autopsy, and many other cancer types, including prostate cancer, renal

cell carcinoma, and lung cancer are also known to commonly metasta-

size to bone.22

Metastatic lesions in the bone can be classified as osteolytic,

where bone is resorbed at the site of tumor colonization, or

osteoblastic, where excessive bone formation follows the lytic phase

and results in poorly organized bone. Breast cancer, for example, most

commonly forms osteolytic lesions, while prostate cancer commonly

induces the formation of osteoblastic lesions.23 It has been proposed

that the formation of osteoblastic lesions in prostate cancer is

preceded by a resorptive phase, given the success of anti‐resorptive

therapies (e.g. bisphosphonates) in reducing bone pain in prostate

cancer patients.24 Mixed lesions (both osteolytic and osteoblastic)

have also been observed in patients with bone metastatic prostate

cancer upon autopsy.25 It is important to note, however, that even

in osteoblastic lesions, where more bone is formed, the quality of

the bone is compromised and these patients are still more prone to

fracture.26 The bone is thus weakened at the site of tumor growth,

leaving patients at an increased risk of skeletal‐related events (SREs),

including pathologic fracture and spinal cord compression, which

require surgery or radiation.27
Anti‐resorptive therapies such as bisphosphonates, which inhibit

osteoclast function, and the anti‐RANKL antibody denosumab, which

blocks osteoclastogenesis, have been used clinically in patients who

are at increased risk of fracture in order to prevent further bone

resorption.28 Early clinical trials demonstrated that bisphosphonates

effectively reduced skeletal complications of breast cancer bone

metastasis, but did not improve disease progression or overall sur-

vival.29,30 A later clinical study, the AZURE trial, confirmed that

bisphosphonates had no effect on disease‐free survival,31 but further

sub‐group analysis revealed that post‐menopausal women specifically

had a significant increase in disease‐free survival and reduction in

bone metastases,32 findings that were later confirmed in another

study.33 Teriparatide and abaloparatide are PTH/PTHrP analogues

that can be used to stimulate bone formation and are the only FDA‐

approved anabolic therapies available34; however, anabolics are not

commonly used in cancer patients with bone‐metastatic disease due

to the risk of exacerbating tumor‐induced bone disease and since both

therapies have been shown to increase the risk of osteosarcoma in

rats,35 although this has not been observed in patients. In castration‐

resistant prostate cancer patients with symptomatic bone metastases,

intravenous injections of radium‐223 in addition to the best standard

of care (BSoC) regimen available at each center (for example, local

external beam radiation therapy, corticosteroids, or antiandrogens,

but excluding chemotherapy, hemibody external radiation, or other

systemic radionuclides) have been found to be well tolerated by

patients36 and prolong overall survival compared to placebo plus BSoC

and prolong the time to first symptomatic skeletal event.37 However,

none of the therapies used against established bone metastases are

curative. Thus, the current therapeutic options serve to slow or

prevent the progression of osteolysis and the occurrence of SREs38

in patients with skeletal metastases.
1.2 | Models of tumor dormancy

The mechanisms that control dormancy and reactivation are not well

defined, but two models have been proposed to describe the behavior

of dormant tumor cells: single‐cell/cellular dormancy and

micrometastatic dormancy. The cellular dormancy model proposes

that each disseminated tumor cell (DTC) enters a non‐proliferative,

quiescent state and is arrested in G0‐G1, as indicated by negative

staining for Ki‐67 and/or PCNA.39,40 In the micrometastatic dormancy

model, the size of the micrometastatic lesion as a whole does not

grow, since the cells are proposed to either cycle at a very slow rate,

or to undergo apoptosis and proliferation at similar rates, resulting in

static tumor burden until the tumor cells are reactivated by exogenous

processes, such as angiogenesis.41 These models are not mutually

exclusive, since quiescent cells may exist in a micrometastasis, and

both models likely contribute to the observed phenotype of cell

survival and resistance to conventional chemotherapeutic agents. It

is also possible that a cell could escape quiescence and then enter a

state of micrometastatic dormancy before growing out into an overt

metastasis, making the two models sequential steps in the process of

dormancy escape. It is worth noting that it can be technically challeng-

ing to detect single, dormant tumor cells in patient samples and in
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mouse models of tumor dormancy, making it difficult to prove

whether all dormant tumor cells are in fact arrested in G0‐G1.

While there is not a clear definition of tumor cell dormancy, the

main features that define a dormant cell are resistance to chemother-

apy42,43 and a lack of proliferation (i.e. non‐ or slow‐cycling). These

two processes are linked, since increased chemoresistance is at least

in part due to a lack of proliferation. Human colon adenocarcinoma

(DLD‐1) cells that have high expression of the quiescence marker

p27 were found to have increased resistance to vinblastine, doxorubi-

cin, cisplatin, and 5‐fluorouracil.43 p27 is a cyclin‐dependent kinase

inhibitor involved in halting cell cycle in the G0‐G1 transition,
44 making

it a commonly used marker of quiescent cells. Systemic therapies have

been found to be less effective against tumors that have poor

vascularization and high extracellular matrix (ECM) density due to

insufficient permeation of drugs into the tumors. Increased lysyl

oxidase (LOX) expression in fibrosarcomas that grew from subcutane-

ously injected MT6 cells was found to contribute to this dense, highly

crosslinked ECM that resulted in resistance to therapy.45 Since LOX

expression is known to drive pre‐metastatic niche formation and

alter ECM composition,46 these results suggest that disseminated

cells or micrometastases in these niches may experience lower

drug doses due to a similar mechanism, resulting in their persistence

following therapy.

The definition of dormancy and what factors cause dormancy in

the bone remain ambiguous and contested partly due to the limited

models that are available to study the complex interactions that

occur in the bone marrow.47 In vivo models are most commonly

employed to study dormancy in bone, but live imaging of tumor cells

in bone remains challenging, limiting the ability to track dormant

cells over time. Recently, several groups have developed ossicle

models that overcome some of these limitations.48-50 While in vivo

models more fully recapitulate all of the microenvironmental factors

that lead to tumor cell dormancy, in vitro models are often easier to

manipulate and analyze. Furthermore, more sophisticated in vitro

techniques are being developed that more accurately model the

bone. For example, 3D bone mimicking scaffolds have been

synthesized based on human bone structure from microCT scans

and these scaffolds can be seeded with tumor cells and bone‐

resident cells, such as mesenchymal stem cells, to study their

interactions; the scaffolds recapitulate the rigidity and structural

nuances of trabecular bone and thus have advantages over 2D co‐

culture models.51 These scaffold cultures can be used for many

applications and can even be sectioned for histological analysis.

While new models such as these are in development, the most

common models to study tumor dormancy in bone are intratibial and

intracardiac injections into various mouse strains.52-56 These injection

types are more commonly used to investigate tumor dormancy in

bone than orthotopic injections into the primary tumor site, since

intratibial and intracardiac innoculations allow the delivery of suffi-

cient numbers of cells to the bone marrow, making the detection of

the tumor cells in the bone more feasible.57 Intracardiac inoculation,

or the injection of tumor cells into the left ventricle of the heart of a

mouse, will not model invasion or intravasation, but will recapitulate

the later stages of systemic dissemination including extravasation

and colonization of the bone marrow.47 Intratibial injections allow
the isolated investigation of the colonization capabilities of the cells.

Intrailiac inoculation of tumor cells has also been used to deliver

human MCF7 cells to the bone marrow with greater frequency than

intracardiac injection,58 but the procedure is more technically

complicated and invasive than intracardiac injection, and has therefore

been slower in its adoption. While it is not used to model dormancy in

the bone, the CAM model, where tumor cells are implanted onto

chicken egg chorioallantoic membranes, is frequently used to study

dormancy and metastasis, since it provides an easy to work with

in vivo environment.59-63 PC3 cells are also commonly used to study

prostate cancer dormancy in bone, and MDA‐MB‐231 cells (human

ER‐) or 4T1 cells (murine ER‐) are commonly used to study breast can-

cer dormancy in bone since all of these cell lines readily colonize and

are easily detectable in bone; however, these aggressive cell lines

rapidly form osteolytic lesions and do not model the prolonged dor-

mancy that is observed in many human patients. MCF7 cells, a human

ER+ breast cancer cell line, on the other hand are non‐proliferative in

bone and induce minimal osteolysis,12,15,52,58 making it a more

clinically relevant model; however, MCF7 cells do not proliferate

in vivo without estrogen supplementation, which causes abnormal

bone density.64 More sensitive detection methods for human and

murine breast cancer cell lines that lie dormant in vivo (MCF7 +/−

exogenous 17β‐estradiol [E2], D2.0R +/− E2, SUM159) are in devel-

opment, making it more feasible to move away from the use of aggres-

sive cell lines when modeling dormancy.57

Metastasis has classically been considered to occur in the late

stages of tumor growth, but dissemination of tumor cells to distant

metastatic sites is now understood to be an early event. DTCs in the

bone are detectable as early as 4–9 weeks of age in HER2/neu and

PyMT transgenic mice, at which point only atypical ductal hyperplasia

(ADH) or ductal carcinoma in situ (DCIS) was detectable in the

mammary gland.65 Interestingly, while mice with larger primary tumors

did have higher numbers of DTCs, the number of DTCs detected did

not increase at the same rate as the growth of the primary tumor.

Although the primary tumor area grew exponentially, the number of

DTCs only grew 4–7 fold, indicating that tumor cell dissemination

may not rely upon primary tumor progression. Another study found

that 57% of cytokeratin‐positive cells isolated from the bone marrow

of breast cancer patients without clinically evident metastases did

not display chromosomal aberrations, whereas the matched primary

tumors of these patients regularly harbored multiple chromosomal

alterations.66 This suggests that these cells disseminated to the bone

marrow before extensive chromosomal instability occurred at the pri-

mary site, supporting the argument that dissemination is an early step

in cancer progression. This is consistent with the clinical difficulty in

preventing metastasis, since tumor cells are likely to have dissemi-

nated by the time the cancer is diagnosed. It is clear that treatments

that target metastatic lesions are necessary, and targeting dormant

cells to prevent reactivation or make them more chemo‐sensitive are

attractive approaches.

Chronic dormancy induction is one of the proposed methods to

therapeutically target dormant tumor cells.67 This is an attractive

approach, since suppressing reactivation may prevent relapses later

in life. However, patients would be placed on a chronic therapy regi-

men, requiring strict adherence and long‐term expense. Furthermore,
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potential side effects from chronic stimulation of dormancy promoting

pathways or inhibition of proliferation stimulating factors would have

to be managed. An alternative method is to clear dormant tumor cells

from the patient's system by mobilizing the cells out of the marrow

and making them more sensitive to chemotherapy.67 One advantage

to this approach is that this type of treatment could be combined with

systemic neoadjuvant or adjuvant therapies and has the potential to

create a cancer‐free state for the patient. When identifying factors

to target in this manner it will be crucial to find targets that will

increase the cell's susceptibility to therapy without stimulating their

proliferative capacity, since this may lead to reactivation and the

potential for further metastases to develop.

Disrupting cell polarization by expressing a form of β4 integrin that

lacks the hemidesmosome targeting domain was found to interfere with

tissue polarity and NFκB activation and made S‐1 or T4–2 breast epithe-

lial cells sensitive to apoptosis without inducing proliferation in 2D

monolayer or 3D spheroid cultures.68 Similar findings have been reported

for other integrin molecules or cancer types: α4β1 or α5β1 integrins on

myeloma cells binding to fibronectin,69 α5β1 integrin on breast cancer

cells binding to fibronectin,70 and small cell lung cancer cells binding to

ECM (particularly through β1 integrin)71,72 have all been shown to

increase drug resistance, emphasizing the potential clinical utility of can-

cer cell mobilization. There is still debate surrounding whether it is better

to keep cells dormant or mobilize and eliminate them, and no therapeutic

strategies have been developed, based on either strategy, that have been

translated to the clinic or tested in clinical trials. It is clear that a deeper

understanding of the signals that push cells into, or out of, dormancy will

enable us to better target these cells therapeutically, as will improved

methods to detect dormant, disseminated tumor cells in patients.
2 | FACTORS CONTROLLING DORMANCY
OR REACTIVATION

2.1 | Immune surveillance

The model of immune surveillance and immune editing of tumors pro-

poses that tumor cells are cleared by the immune system through an

initial elimination phase, which is followed by an equilibrium phase in

which tumor growth is inhibited by a balance of tumor cell elimination

and proliferation.73 Given what we know about the model of

micrometastatic dormancy, it is possible that immune surveillance

may promote tumor dormancy during the equilibrium phase, or that

the summation of pro‐tumor and pro‐clearance pathways that are

active in the tumor microenvironment may promote micrometastatic

dormancy (Figure 3A). If the proliferation rate of the micrometastasis

surpasses the rate of elimination by immune mechanisms, or if the

immunosuppressive signals in the microenvironment are amplified,

the tumor would enter the escape phase of the immune surveillance

process, similar to the process of dormancy escape. These immune

modulatory signals, including cytokines and chemokines, can be

produced by the tumor cells or by the microenvironment.

Tumor cells frequently upregulate the expression of certain cyto-

kines to modulate the activity of immune cells and other cells in the

microenvironment to make it more amenable to proliferation and lesion
growth.74,75 For example, CCL2 and CCL5 produced by breast cancer

cells in the primary tumor site are correlated with poor prognosis and

high tumor grade in patients.76-78 CCL2 and CCL5 produced by T47D

breast cancer cells recruit metastasis promoting myeloid cells in vitro

and their expression is correlated to an increased number of tumor

associated macrophages (TAMs) in primary breast tumors from

patients.74,79-82 CCL2 and CCL5 act as chemoattractants for mono-

cytes,83,84 which are precursors of macrophages. From human breast

tumor samples it is known that theseTAMs can release vascular endo-

thelial growth factor (VEGF), which is correlated with increased

microvessel density and significantly worse disease‐free survival.85

Interestingly, bisphosphonates have been demonstrated in multiple

clinical studies of breast cancer to have anti‐tumor effects31,86-88 and

intravital imaging has recently demonstrated that TAMs engulf

bisphosphonates in 4T1 mammary fat pad tumors, possibly leading to

the anti‐tumor effects that have previously been observed.89 Although

the functional role for bisphosphonate uptake by TAMs in 4T1 tumors

still needs to be elucidated, these data suggest that TAM engulfment of

bisphosphonates may either mitigate the pro‐tumor effects of TAMs or

confer anti‐tumor activity. TAMs also promote breast cancer cell inva-

sion, and thus likely metastasis, as demonstrated by live imaging of

PyMTmammary tumors in mice.90,91 CCL2 expression by breast cancer

cells promotes bone metastatic lesion growth, through enhanced oste-

oclastogenesis.92 Furthermore, breast cancer cells can increase the

expression of CCL2 by osteoblasts, which further stimulates osteoclas-

togenesis.93,94 While this has not been directly linked to tumor dor-

mancy studies, it is understood that tumor cells that reside in the

osteoblast niche may re‐activate with bone turnover13 suggesting that

CCL2 may promote tumor cell exit from dormancy.

Interferon signaling has been shown to regulate bone metastasis

through its effects on the CD8+ T cell population and NK cells. Inter-

feron regulatory factor 7 (IRF7) reduced bone metastases in a 4T1

mouse model and breast cancer patient samples, suggesting that

patients with bone metastases might benefit from interferon‐targeting

therapies.95 The authors of this study speculate that IRF7‐induced

interferon production might prevent the accumulation of myeloid‐

derived suppressor cells (MDSCs), thus releasing the inhibition on

NK cells and CD8+ T cells, allowing them to attack and clear breast

tumor cells in the bone. It has also been demonstrated that

CD11+Gr‐1+ myeloid cells are expanded in MDA‐MB‐231 breast can-

cer bone metastases by TGF‐β signaling independent of the T cell

population and can differentiate into osteoclasts in the bone

marrow.96 Blocking dikkopf‐1 (DKK1), which is elevated in the bone

marrow in mice with extraskeletal tumors that form following subcuta-

neous injection of Lewis lung carcinoma cells, reduces tumor growth

by restoring T cell recruitment to the primary tumor site.97 Lysyl oxi-

dase (LOX) expression, which is associated with poor overall survival

in multiple tumor types,98-101 can promote the formation of the pre‐

metastatic niche for MDA‐MB‐231 cells through recruitment of

CD11b+ myeloid cells and c‐Kit+ myeloid progenitor cells to the

lungs.46 Since many of these studies were carried out with aggressive

tumor models of breast cancer it is difficult to determine how immune

recruitment to the pre‐metastatic niche may impact dormant dissemi-

nated tumor cells, but given that many of these cells originate in the

bone marrow and that altering the recruitment of multiple immune



FIGURE 3 Tumor cells enter or exit dormancy depending on the micro‐environmental signals they encounter. A, Immune surveillance
mechanisms can stimulate angiogenesis, immunosuppression, and osteoclastogenesis to stimulate tumor growth, but immune cells can also
clear tumor cells and potentially select for non‐immunogenic or, potentially, dormant clones. B, Hypoxia promotes dissemination of tumor cells to
distant sites and their ability to colonize the bone marrow. Hypoxia has also been shown to stimulate the expression of several dormancy‐
associated genes. We speculate that severe hypoxia (pO2 ≤ 0.5%) may stimulate tumor cell exit from dormancy while moderate hypoxia
(pO2 < 4% and ≥ 0.5%) may favor dormancy. C, According to the angiogenic dormancy model, micrometastases that cannot induce angiogenesis
will remain dormant. It is now clear that the spatial relationship of tumor cells in relation to endothelial derived factors can control the proliferation
or dormancy of disseminated tumor cells, in that cells located along neovascular tips are stimulated to proliferate, while cells residing along the
stable vasculature will remain dormant. D, the bone is an organ packed with many cell types. Tumor cells in bone can induce the vicious cycle of
bone destruction due to PTHrP expression, as described in more detail in Figure 1. Additionally, if tumor cells have upregulated VCAM1
expression, they can stimulate osteoclastogenesis by recruiting monocyte precursors that can differentiate into osteoclasts. Endothelial cells and
osteoblasts in particular secrete many factors that are critical for bone homeostasis and hematopoietic stem cell quiescence and maintenance,
which can be coopted by some tumor cells. Thus, once tumor cells home to the bone marrow, they are exposed to many signals that promote their
survival and quiescence. CCL2 = C‐C motif chemokine ligand 2 (monocyte chemotactic protein 1); CCL5 = C‐C motif chemokine ligand 5;
TAM = tumor associated macrophage; MDSC = monocyte‐derived suppressor cell; TGF‐B1/2 = transforming growth factor Beta 1/2; LOX = lysyl
oxidase; DKK1 = dikkopf‐1; IRF7 = interferon regulatory factor 7; NK cell = natural killer cell; LIFR = leukemia inhibitory factor receptor;
VEGF = vascular endothelial growth factor; NR2F1 = nuclear receptor subfamily 2 group F member 1; DEC2 = differentially expressed in
chondrocytes 2; MSK1 = mitogen‐ and stress‐activated protein kinase 1; TSP1 = thrombospondin 1; HSP27 = heat shock protein 27; bFGF = basic

fibroblast growth factor; VCAM1 = vascular cell adhesion molecule 1; PTHrP = parathyroid hormone related protein; mtDNA = mitochondrial
DNA; EV = extracellular vesicle; CXCR4 = C‐X‐C motif chemokine receptor 4; CXCL12 = C‐X‐C motif chemokine ligand 12 (stromal cell‐derived
factor 1); miRNA = micro RNA; ANG1 = angiopoietin 1; SCF = stem cell factor; ANXA2 = Annexin II; GAS6 = growth arrest‐specific 6;
BMP7 = bone morphogenetic protein 7; SPARC = secreted protein rich in cysteine
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populations influences bone colonization by tumor cells, further

studies into the effects of immune editing on tumor dormancy and

entry/exit into dormancy are warranted.

2.2 | Hypoxia

Hypoxia, or low oxygen tensions, triggers numerous gene expression

changes through stabilization of the hypoxia‐inducible factor (HIF)

transcription factors.102,103 HIF1 binds to hypoxia response elements

(HREs) to drive the expression of many target genes, including VEGF,

which stimulates angiogenesis by binding to VEGF receptor (VEGFR)

on the surface of endothelial cells and causing them to migrate and

assemble into new blood vessels.104,105 Increased microvessel density

improves the delivery of oxygen and nutrients to tumor cells, which in

turn promotes tumor cell proliferation. Hypoxia also triggers a HIF‐
mediated increase in glycolysis by stimulating the expression of glu-

cose transporters and glycolytic enzymes.106-109 This enables tumor

cells to survive in nutrient poor microenvironments.

Hypoxia alters the expression of genes involved in dormancy

maintenance (Figure 3B), such as the leukemia inhibitory factor recep-

tor (LIFR), which acts as a breast cancer tumor suppressor in MCF7

human breast cancer cells110 and breast cancer pulmonary metastasis

suppressor in SUM159 human breast cancer cells,111 and confers a

dormant phenotype in bone‐disseminated MCF7 breast cancer cells.52

Hypoxia negatively regulates LIFR expression in MCF7 and SUM159

breast cancer cells in vitro and is negatively correlated with LIFR

mRNA levels in patient samples,52 suggesting that hypoxia may be a

mechanism by which LIFR is down‐regulated in breast cancer. In the

context of the bone marrow, where oxygen levels fluctuate between

approximately <1–6% partial oxygen,112-115 this suggests that the
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microenvironment may promote tumor cell exit from dormancy. It is

important to note that the negative effect of hypoxia on LIFR expres-

sion in breast cancer cells was only observed in extremely low oxygen

levels (<0.5% pO2), suggesting that the bone marrow microenviron-

ment in general would not be sufficient to down‐regulate LIFR; this

would presumably only happen in regions of extreme hypoxia, such

as has been observed in the sinusoidal region.116 Furthermore, as

tumors grow in the bone marrow, they will rapidly become hypoxic,

further perpetuating the loss of LIFR. The concept that hypoxia may

also promote some bone‐disseminated tumor cells to exit dormancy

is supported by data indicating that loss of HIF signaling in osteoblast

lineage cells (osterix‐positive cells) reduces metastasis and growth of

PyMT mouse mammary carcinoma cells in the bone in vivo, while

activation of HIF signaling through osteoblast‐specific deletion of

the HIF negative regulator VHL increases tumor burden in bone.117

Hypoxia has also been reported to induce dormancy in dissemi-

nated tumor cells (DTCs). In this study, the dormancy markers

NR2F1 (Nuclear Receptor Subfamily 2 Group F Member 1) and

DEC2 were found to be co‐expressed with hypoxia markers such as

HIF1α and GLUT1 in MDA‐MB231 cells injected into the mammary

fat pad. Additionally, non‐cycling cells in the CAM‐implanted HEp3

head and neck squamous cell carcinoma cells had more intense

pimonidozole staining, which is a marker of hypoxia, indicating that

quiescent cells were more commonly localized to hypoxic regions.118

Similar effects were seen in models where CAM‐implanted tumors

were treated with desferrioxamine (DFOM, a hypoxia mimicking drug

that causes the accumulation of HIF1α). DFOM treated tumors had

significantly more quiescent cells and DTCs from the DFOM treated

tumors were also resistant to cisplatin. Thus, hypoxic signaling can

induce quiescence and chemotherapy resistance, which are two

hallmarks of dormancy. NR2F1 expression was previously shown to

be elevated in dormant HEp3 cells62 and high NR2F1 has been shown

to correlate with longer disease‐free survival in prostate cancer

patients who received hormone ablation therapy,119 suggesting a

pro‐dormancy role for NR2F1. DEC2 (Differentially Expressed In

Chondrocytes 2, also known as SHARP1) causes the degradation of

HIF1α and HIF1β proteins and thus inhibits migration, invasion, and

metastasis of MDA‐MB‐231 cells in vitro and in vivo and low DEC2

expression in the tumors of triple‐negative breast cancer patients is

associated with worse metastasis‐free survival.120

p38 is a MAP kinase that has been shown to be activated down-

stream of TGF‐β2 signaling. Interestingly, it is the ratio of ERK to p38

signaling that appears to influence dormancy, where a high ERK/p38

ratio (i.e. high ERK and low p38 signaling) drives tumor cells out of

dormancy, while a low ERK/p38 ratio (i.e. low ERK and high p38

signaling) was characteristic of dormant tumor cells.63 p38 activation

is proposed to drive NR2F1 expression62 and can lead to the induction

of HIF1α,121 suggesting that p38 signaling may orchestrate the co‐

expression of these genes. Mitogen‐ And Stress‐Activated Protein

Kinase 1 (MSK1), a downstream target of p38 MAPK, has also been

found to drive dormancy in estrogen receptor positive latent breast

cancer cells.53 MSK1 was identified as a dormancy regulator from a

whole‐genome shRNA screen in dormant bone metastatic (DBM)

T47D human breast cancer cells that were isolated following intracar-

diac inoculation. Lentiviral knockdown or CRISPR‐Cas9 deletion of
MSK1 in DBM T47D cells as well as ZR75 cells, a poorly metastatic ER

+ human breast cancer cell line, increased bone homing as indicated by

bioluminescence imaging (BLI) following intracardiac and mammary fat

pad injection, respectively. Furthermore, high MSK1 expression was

associated with increased bone metastasis free survival in ER+ breast

cancer patients, supporting the conclusion that MSK1 expression

reduces tumor homing to the bonemarrow. Interestingly, the mechanism

of MSK1 on tumor dormancy was found to be independent of tumor cell

quiescence, survival in hypoxia, adhesion, migration, or invasion, but

rather induced epigenetic modifications of luminal differentiation genes.

Thus loss of MSK1 prevents tumor cell differentiation and the mainte-

nance of a dormant population in the bone marrow.

Lysyl oxidase (LOX) is a hypoxia induced pro‐invasion and pro‐

metastasis factor that plays a role in the formation of the pre‐

metastatic niche (PMN) in distant organs to make these sites hospita-

ble for colonization. LOX secreted from primary breast tumors local-

izes to the lungs where it can trigger remodeling of the ECM and

the formation of the PMN46,122 along with bone marrow‐derived cells

(BMDCs), which have been found to be critical in PMN establishment

and promoting distant metastasis.123 LOX knockdown in MDA‐MB‐

231 cells reduced the rate of dissemination to lung following mam-

mary fat pad injections in mice, and reduced CD11b + myeloid cells

and c‐Kit+ myeloid progenitor cell migration to the lungs,46 suggesting

that LOX is required for tumor dissemination to the lungs through

recruitment of these progenitor cells to the PMN. In vitro invasion

assays also showed that the presence of LOX in the ECM increases

BMDC invasiveness.46 LOX increased collagen IV crosslinks in

matrigel cultures, which increased the adhesion of CD11b + cells

and stimulated MMP‐2 production in vitro, possibly resulting in a

microenvironment that is more permissive to further invasion by

BMDCs and the establishment of a PMN and eventual metastatic out-

growth. This model has so far been proposed in pulmonary metastasis;

whether LOX plays a distinct role in tumor cell dissemination to bone

remains to be determined. Since BMDCs that normally establish the

PMN are already resident in bone, it is difficult to tease out the effects

of the PMN in the bone marrow. The formation of a PMN provides a

microenvironment that is more hospitable to tumor cells and thus will

ultimately promote metastasis and tumor cell growth; however, it has

been speculated that tumor cells that disseminate while the PMN is

still being established may be kept dormant until the microenviron-

ment is sufficiently altered to support their growth.124 However, if

the proposed model is operative in bone, the myeloid cells that are

abundant in the PMN may lead to increased osteoclastogenesis and

fuel tumor growth.46,96 Thus, while it is possible that the PMN may

support temporary tumor dormancy, bone‐disseminated tumor cells

in the PMN are likely to reactivate and colonize the distant site.

Together, these data suggest that hypoxia may have different reg-

ulatory roles in different phases of tumor progression and in different

metastatic sites. For instance, differences in oxygen tensions may reg-

ulate the dormancy phenotype, where oxygen levels >1% promote

tumor dormancy, while oxygen levels <1% promote tumor cell exit

from dormancy, and this may be further dependent upon the niche

in which bone‐disseminated tumor cells are currently residing. It is also

possible that hypoxia may induce dormancy in the primary tumor site,

and promote exit from dormancy at sites of bone metastasis. Both of
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these mechanisms are consistent with poor overall survival in breast

cancer patients who have increased HIF1α staining in the primary

tumor.102,125-127 In the bone marrow, aged bones have less vascula-

ture128 and may therefore experience lower oxygen tensions, and

some studies suggest that age is a risk factor for bone metastatic dis-

ease in breast cancer.129 Thus, extreme hypoxic compartments in the

bone may stimulate bone‐disseminated tumor cells to exit dormancy,

also reducing patient survival. Furthermore, it is known that hypoxia

in PyMT mouse mammary carcinoma tumors promotes dissemination

to the lung.130 Whether hypoxia in the primary tumor also stimulates

dissemination of breast cancer cells to the bone marrow remains

unknown; however, in vivo data from multiple groups indicates that

activation of HIF1α signaling in MDA‐MB‐231 breast cancer cells

promotes bone colonization,131 and inhibition of HIF1α signaling

reduces bone colonization.11,131,132 What is well appreciated is that

in all cases hypoxic effects on tumor cells at any stage of the disease

is detrimental to patient outcome.

2.3 | Angiogenesis and the perivascular niche

Proliferating tumor cells possess increased oxygen and nutrient

demands and stimulate angiogenesis to meet these needs. Insufficient

angiogenesis has been recognized as a dormancy‐inducing mechanism,

particularly in the model of micrometastatic dormancy.133 In the

“angiogenic dormancy” model, the inability of a micrometastasis to

induce angiogenesis limits its ability to grow past approximately

1 mm in diameter. This may be due to either a lack of intra‐tumoral

microvessels or from an active repulsion of existing vessels in the

microenvironment, due to increased expression of anti‐angiogenic fac-

tors such as thrombospondin 1 (TSP1 or THBS1) and low expression

of angiogenic proteins such as VEGF and basic fibroblast growth fac-

tor (bFGF).134,135 As tumor cells proliferate and tumor mass increases,

low oxygen supplies induce hypoxia and VEGF production by the

tumor cells.136 This stimulates angiogenesis, increases oxygen supply,

and promotes dormancy escape; however, if the tumor cells reside in

a microenvironment rich in anti‐angiogenic factors, the cells may not

be able to induce angiogenesis and escape dormancy (Figure 3C).

Non‐angiogenic tumors in a MDA‐MB‐436 breast cancer xenograft

model were found to have lower expression of heat shock protein

27 (HSP27), which was associated with reduced endothelial prolifera-

tion and decreased secretion of VEGF and bFGF. Conversely, HSP27

overexpression in MDA‐MB‐436 cells that were originally non‐

angiogenic stimulated proliferation in vivo.137 A set of 19 microRNAs

that govern the phenotypic switch of dormant MDA‐MB‐436 breast

cancer cells, T98G glioblastoma cells, KHOS‐24OS osteosarcoma cells,

and SW872 liposarcoma cells to fast‐growing angiogenic tumors has

also been identified by testing for the expression of 378 microRNAs

in dormant or angiogenic/fast‐growing tumors of each cell line with

high‐throughput real time qRT‐PCR based miR expression analysis.138

Interestingly, SW872 liposarcoma tumor cells that had an angiogenic

phenotype in vivo, meaning they have the capacity to promote angio-

genesis and tumor progression, can transition into a non‐angiogenic

phenotype when injected into a different mouse, and these dormant

non‐angiogenic cells were able to then spontaneously switch back to

an angiogenic phenotype, suggesting that angiogenic dormancy may
be a fluid state.139 “Revertant clones” that were non‐angiogenic but

had been derived from an angiogenic clone were found to have

decreased VEGF expression but increased TSP1 expression,

supporting the fact that they are not able to induce angiogenesis.

TSP1 is an angiogenesis inhibitor140 and matricellular protein

known to interact with dozens of factors, leading to a wide variety

of effects on cellular activity by aggregating, sequestering, or activat-

ing many proteins, and modifying the extracellular matrix.141 In the

context of tumor dormancy, in addition to limiting angiogenesis,

TSP1 acts as an endothelial cell‐derived tumor suppressor in the

perivascular niche in both the lungs and the bone, by suppressing

the proliferation of tumor cells that are adjacent to stable

microvessels.15 Using bone marrow vasculature mimicking in vitro cul-

tures, MDA‐MB‐231 or T4–2 breast cancer cells that settled adjacent

toTSP1‐rich, stable microvessels did not proliferate for the duration of

the 17 day culture and remained Ki‐67 negative, unlike breast cancer

cells that settled next to actively growing vascular tips. TSP1 has a

known role in metastasis suppression in breast cancer, but these

actions have been exclusively attributed to its angiogenesis‐inhibiting

function,142 since it is known to stabilize microvascular endothelium

by inhibiting endothelial cell motility and growth.143 Since tumors

can only grow to 1–2 mm3 without additional blood supply,144

micrometastases that are beginning to grow into active lesions would

likely have increased angiogenesis and high neovascular tip density.

Periostin (POSTN) and transforming growth factor beta (TGF‐β1),

which both enhance tumor cell proliferation, are enriched in the

neovascular tip.15 The role for TSP1 in this process was demonstrated

in bone marrow‐like vasculature, and although the role for POSTN and

TGF‐β1 were not specifically tested in the bone marrow, given the

extensive body of literature demonstrating that TGF‐β1 promotes

tumor cell growth in the bone145-148 these data are consistent with

the pro‐tumorigenic role for TGF‐β1 in the bone marrow. Taken

together, these findings suggest active angiogenesis awakens cells

from dormancy, while DTCs that settle adjacent to stable microvessels

are maintained in a more quiescent state.

2.4 | Interactions with the extracellular matrix and
bone‐resident cells

In 1889 Stephen Paget put forth the “seed and soil” hypothesis; if the

soil is fertile and conducive to growth, the seed will grow; however, if

the soil that the seed lands in is hostile or incompatible with the needs

of the seed, the seed will not germinate.149 Thus, a cancer cell that dis-

seminates to an incompatible microenvironment in a distant site may

become dormant150; however, the microenvironment may change

over time, making the soil more fertile for the disseminated tumor cell.

Several factors have been identified that exert their quiescence‐

inducing effects by modulating cell interactions with the extracellular

matrix (ECM) (Figure 3D). Reduced urokinase plasminogen activator

receptor (uPAR) expression was found to induce G0‐G1 arrest in

HEp3 cells grown on a CAM, as measured by FACS analysis of DNA

content. This growth arrest was found to be due to the lack of uPAR

interacting with integrin α5β1.
151 Integrin α5β1 and uPAR interact to

recruit focal adhesion kinase (FAK) and epidermal growth factor

receptor (EGFR) to the cell surface. FAK and EGFR signal through
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the Ras‐extracellular signal‐regulated kinase (ERK) pathway in a

fibronectin‐dependent manner, which drives cell proliferation. Thus,

decreased uPAR expression leads to decreased integrin α5β1 mediated

adhesion to the ECM and reduced ERK activation, inducing a dormant

state.152 Although it is not clear whether uPAR plays a role in tumor

dormancy in the bone marrow, PC3 prostate cancer cells that were

previously grown as subcutaneous tumors in vivo and were able to

spontaneously disseminate to the bone marrow expressed elevated

levels of uPAR protein by cytokine array in comparison to parental

PC3 cells only grown in 2D culture,153 and uPAR was detected at a

higher frequency in bone‐disseminated prostate cancer cells harvested

from patients compared to tumor cells found in circulation and was

associated with a poor Gleason score.154

Integrins can also play a role in the cross talk of cancer cells and

bone resident cell types. MDA‐MB‐231 breast cancer cells that have

aberrant vascular cell adhesion molecule 1 (VCAM1) expression can

promote monocytic osteoclast progenitor cell recruitment by

interacting with integrin α4β1 on their surface, leading to increased

osteolysis and the progression of tumor‐induced bone disease

in vivo.155 It is not clear whether VCAM1 expression on breast cancer

cells promotes their exit from dormancy, since these experiments uti-

lized a breast cancer cell line that readily colonizes the bone, but this

interaction demonstrates how tumor cells directly communicate with

bone‐resident cells to promote their growth and survival.

The expression of CXCR4 on the surface of tumor cells is recog-

nized as a key mechanism for tumor cell homing to the bone marrow.

CXCR4 is overexpressed in many cancer types including hematological

malignancies, breast cancer, colorectal cancer, esophageal cancer,

renal cancer, gynecologic cancer, pancreatic cancer, and liver cancer

and is correlated with poor progression free survival.156 CXCR4 bind-

ing to its ligand CXCL12 (SDF‐1) has also been shown to regulate

tumor cell migration; DU4475 and MDA‐MB‐231 breast cancer cell

migration was found to increase in a dose‐dependent manner when

treated with CXCL12.157 Thus, tumor cells that overexpress CXCR4

have an increased ability to colonize niches in the bone marrow that

are rich in CXCL12.158-160 CXCL12 is expressed by bone marrow stro-

mal cells and osteoblasts,161 which recruits these tumor cells to the

endosteal niche. CXCL12 has also been shown to stimulate osteoclast

precursor cell migration.162,163 PC3 cells, which aggressively colonize

the bone marrow when inoculated in vivo, have been shown to have

higher endogenous levels of CXCR4 compared to less aggressive

LNCaP cells, and CXCR4 is further stimulated in PC3 cells following

exogenous treatment with CXCL12.162 This CXCR4 upregulation

allowed the cells to adhere to human umbilical vein endothelial cell

monolayer in culture and enhanced transendothelium migration, sug-

gesting that CXCR4‐ECM interactions in CXCL12‐rich niches facilitate

the entrance of prostate cancer cells into the bone marrow. Abundant

CXCR4 expression on prostate cancer cells also mediates interactions

with α5 and β3 integrins,161 which may make CXCR4 another

attractive therapeutic target to mobilize cells and increase their

chemosensitivity. Comparison of “angiogenic” and “revertant”

SW872 liposarcoma tumors found that revertant clones that remained

dormant and did not grow into large tumors when implanted subcuta-

neously had much higher expression of CXCR4 than the angiogenic

clones,139 supporting a potential pro‐dormancy role for CXCR4 that
may be dependent upon the vasculature. In contrast, cells isolated

from breast cancer patient‐derived xenografts (either in the orthotopic

tumor or from lung metastases) that exhibited undetectable CXCR4

expression were more frequently non‐proliferative.164 Thus, it is clear

that CXCR4‐CXCL12 signaling promotes tumor homing to the bone

marrow, but its role in dormancy is not well defined.

Bone morphogenetic protein 7 (BMP7) produced by bone stromal

cells has been shown to induce dormancy in an apparently reversible

manner.55 Treatment of prostate cancer cell lines LNCaP, C4, C4–2,

C4–2B, PC3, DU145, and ALVA with conditioned media (CM) from

HS5 bone stromal cells induced p21, p27 and p38 MAPK, which are

markers of quiescence. Treating PC3 mm cells, which are a highly met-

astatic variant of the human PC3 prostate cancer cell line,165 with HS5

CM also induced senescence‐associated β‐galactosidase protein

expression as well as N‐MYC downstream‐regulated gene 1 (NDRG1),

which is a metastasis suppressor, at the mRNA and protein level. Of

the most abundant known bone‐derived factors, including FGFs and

TGF‐β, only BMP7 activated all of these pro‐dormancy factors

in vitro. Treatment with BMP7 reduced the incidence of PC3 mm bone

metastases following intracardiac inoculation in vivo, and knockdown

of BMP7 in intratibial‐inoculated PC3 mm cancer stem cells resulted

in increased tumor burden by BLI in vivo. It remains unclear whether

BMP7 causes the PC3 cells to enter a non‐proliferative or low‐cycling

state in vivo, but these data indicate that BMP7 inhibits bone coloniza-

tion by prostate cancer cells.

Interestingly, BMP7 expression from bone stromal cells can be

induced by Secreted Protein Rich in Cysteine (SPARC) secreted by

dormant prostate cancer cells.56 Microarray analysis revealed that

SPARC was significantly up‐regulated in indolent PC3 mm CSCs com-

pared to aggressive PC3 mm CSCs. When SPARC expression was

knocked down in indolent cells using shRNA and inoculated into mice

by intratibial or intracardiac injection, tumor burden was increased by

BLI and the incidence of bone metastases was significantly increased.

Injection of recombinant SPARC also reduced the incidence of bone

metastasis by aggressive tumor cells, which in vitro studies suggest is

likely to influence tumor cell proliferation through modification of

the bone marrow stromal cells. In vitro, the SPARC promoter was

found to be more heavily methylated in aggressive compared to

indolent cells. SPARC induced BMP7 expression, and this was

reversibly modified through treatment with DNA de‐methylating

agents. In support of these findings, SPARC and BMPR2 were signifi-

cantly down‐regulated in the primary tumor samples of patients who

developed bone metastases compared to those with no bone metasta-

ses, suggesting that these molecules may be important in the

formation of bone metastases and subsequent colonization. These

data further support the previous finding that BMP7 prevents bone

colonization in vivo.55

Cancer associated fibroblasts (CAFs), while not specific to tumors

growing in the bone, are an important cell type that can alter the

behavior of tumor cells. Previous work has demonstrated that fibro-

blasts promote the growth of RWGT2 human lung cancer cells and

MDA‐MB‐231 human breast cancer cells in the bone in vivo, likely

due to their elevated secretion of Wnt ligands in vitro, which stimu-

lates subsequent GLI2 and PTHrP production by bone‐disseminated

tumor cells166; however, the effect of Wnts secreted by CAFs has
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not been directly evaluated in the context of tumor dormancy in bone.

Extracellular vesicles (EVs) secreted by CAFs and containing mito-

chondrial DNA (mtDNA) have recently been demonstrated to transfer

mtDNA to estrogen receptor positive breast cancer cells, and promote

their exit from metabolic dormancy induced by the hormone therapy

fulvestrant.167 While several of the CAF patient samples from this

study were derived from a patient bone metastasis, the effect of

CAF EVs on tumor exit from dormancy in the bone marrow has not

been directly evaluated. The specific cargo packaged within EVs is

believed to play an important role in controlling how EVs alter dissem-

inated tumor cells. Exosomes derived from mesenchymal stem cells

have been shown to push a subset of MDA‐MB‐231 and T47D human

breast cancer cells into the S phase and another subset into quies-

cence. The exosomes that promote quiescence were found to be

mediated by miRNA‐222 in vitro and anti‐miR‐222/223 reduced the

presence of i.p. inoculated breast cancer cells disseminating to the

femur, as indicated by an absence of GFP staining and reduction in

Ki67‐positive cells.168 Other microRNAs have also been shown to play

a role in promoting dormancy; BCLC9 human hepatocellular carci-

noma cells engineered to express miR‐122 exhibited reduced

proliferation in vitro, formed smaller tumors when injected subcutane-

ously, and exhibited a low ERK/p38 activation ratio, suggesting the

cells were in a dormant state.168,169 Furthermore, it has been demon-

strated that miR‐135 and miR‐203 reduce spontaneous dissemination

of MDA‐MB‐231 cells to the bone marrow,170 and microRNAs are

currently being investigated as a means to target bone‐disseminated

tumor cells.171

As metastatic cells disseminate to the bone marrow and settle in

the HSC niche, it has been proposed that they may coopt the quies-

cence inducing signals produced by osteoblasts and perivascular cells,

such as angiopoietin‐1 (ANG1),16 stem cell factor (SCF),17 annexin II

(ANXA2) and growth arrest‐specific 6 (GAS6).18 Some HSCs express

TIE2, a receptor tyrosine kinase that binds ANG1 expressed by osteo-

blasts. This interaction induces quiescence in the HSCs and protects

against apoptosis.16 Thus, if tumor cells expressTIE2, they may be able

to take advantage of this quiescence‐inducing interaction. SCF is

expressed by perivascular cells throughout the bone marrow, and

SCF deletion in either endothelial cells or perivascular stromal cells

lead to a depletion of HSCs, indicating that HSCs reside in a

perivascular niche where there are likely many other factors that con-

tribute to their maintenance and quiescence.17 ANXA2 in particular

has been shown to promote prostate cancer cell homing to HSC

niches by binding to the annexin II receptor (ANXA2R). Once in the

bone marrow, the high ANXA2 levels stimulate the expression of

AXL, a receptor tyrosine kinase, in the prostate cancer cells.

Osteoblast‐derived GAS6 signaling through its receptor AXL on the

prostate cancer cells was found to promote a semi‐dormant pheno-

type, leading to decreased proliferation and chemo‐sensitivity.18

GAS6/AXL signaling appears to drive TGF‐β receptor expression

(TGFBR2 and TGFBR3), and knockdown of GAS6 or AXL resulted in

dampened p27 expression in prostate cancer cells following TGF‐β2

stimulation in vitro, indicating that GAS6/AXL signaling may control

the dormant phenotype by altering the cell's response to TGF‐β2,172

which has been demonstrated to drive dormancy.63 In addition to

AXL, GAS6 can signal through two other receptors, TYRO3 and
MER. Interestingly, when TYRO3 expression is higher than AXL

expression, an expression pattern dominant in primary tumors or bone

metastatic lesions, prostate cancer cells are proliferative. However,

when AXL expression is predominant, an expression state common

in bone disseminated cells, they remain dormant.173 Thus, GAS6 may

have opposing effects on tumor cell growth depending on disease

state and receptor expression patterns.

While there are multiple molecules that stimulate the growth and

survival of tumor cells in the bone through its interactions with bone

resident cells, one of the most well‐studied is parathyroid hormone‐

related protein (PTHrP). PTHrP was originally discovered as the factor

that causes humoral hypercalcemia of malignancy174 and is well

established to promote tumor‐induced bone destruction through its

stimulation of RANKL on osteoblast lineage cells to promote

osteoclast‐mediated bone resorption.8-12 More recently, it has been

suggested that PTHrP may also play a role in the awakening of tumor

cells in the bone marrow.52,54 Overexpression of PTHrP, which

normally binds to the parathyroid hormone receptor type 1 (PTHR1)

to induce cAMP signaling, induces osteolytic bone destruction in cells

that otherwise lie dormant in the bone marrow12 and down‐regulates

a number of pro‐dormancy genes52 through a cAMP‐independent

mechanism.54 Interestingly, PTHrP is regulated by the bone matrix

itself, in that tumor cells that come in contact with the rigid bone

surface up‐regulate PTHrP; however, this is specific for tumor cells

that are already aggressive in nature.175 In breast cancer cells that

do not readily induce osteolysis (e.g. MCF7), the rigid bone microenvi-

ronment is not sufficient to induce PTHrP expression, but significantly

and dose‐dependently increases PTHrP levels in aggressive bone

metastatic cells (e.g. MDA‐MB‐231).175 This is consistent with the

concept that not all tumor cells that disseminate to the bone marrow

switch on PTHrP and immediately induce osteolysis; rather, those cells

that are already primed are fueled by the rigidity of the bone matrix

they encounter.

2.5 | The cancer stem cell hypothesis

Dormant tumor cells are able to give rise to clinically significant metas-

tases, and it is therefore likely that they also possess self‐renewal

capacities. These characteristics are notably similar to those of a

cancer stem cell (CSC). Similar to pluripotent stem cells, CSCs are

long‐lived, generally quiescent, and have the ability to self‐renew

and differentiate.176 CSCs are thought to play a role in tumor initia-

tion, progression and metastasis, since sorted CSCs from human

patient derived xenografts (PDX) are able to form tumors in immuno-

compromised mice.177 CSCs have been identified in a number of

tumor types including melanoma, breast, colon, prostate, and pancre-

atic cancers,177-181 and several groups have found a strong correlation

between the number and existence of slow‐cycling cancer cells,

frequency of CSCs and their ability to form tumors.182 DTCs have

been proposed to adopt a CSC phenotype due to their shared

characteristics with pluripotent stem cells, such as self‐renewal and

differentiation, quiescence, and chemotherapeutic resistance.152 It is

therefore theorized that the DTCs that survive and grow into clinically

detectable metastases after escaping dormancy may be CSCs. These

properties may confer the necessary characteristics for the cell to
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survive in circulation and grow from a single DTC into a metastasis in

the secondary site. While the connection between dormancy and

CSCs has not been extensively investigated in the context of bone dis-

seminated cells, this recently proposed paradigm warrants discussion.

CSCs have the capacity for self‐renewal, giving rise to uncontrolled

growth of differentiated cell populations that may lead to primary and

metastatic tumor growth. One of the key defining properties of CSCs

is their ability to “seed” the growth of a tumor, or their tumor initiating

capacity (TIC). This feature of CSCs has been demonstrated in the con-

text of breast cancer, where cells from human patient derived xeno-

grafts (PDXs) were sorted for human breast CSCs (CD44hi/CD24lo

cells). Breast CSCs were able to form palpable tumors in immunocom-

promised mice with fewer than 100 cells.177 Several regulatory signal-

ing pathways, such as Notch,183 Hedgehog,184 transforming growth

factor‐beta (TGF‐β),185 estrogen receptor/progesterone receptor (ER/

PR),186 epidermal growth factor (EGF) /EGF receptor (EGFR/

HER2),187 and leukemia inhibitory factor (LIF)188 have been reported

to promote self‐renewal in mammary stem cells and CSCs. It is there-

fore possible that the signaling pathways that promote a stem‐like state

could also promote a chronic state of dormancy in DTCs.

CSCs and DTCs can reside in a quiescent, non‐proliferative state.

Clonal tracking and membrane dyes have been used to identify slow‐

cycling or dormant pools of colon cancer and breast cancer cells from

patient biopsies.182,189 In the context of breast cancer, human

mammary gland cells that were identified as slow‐cycling, through

the retention of membrane dye PKH26, were used to develop an

expression profile that identified human normal mammary stem cells

(hNMSCs). PKH‐positive and ‐negative hNMSCs were immunophe-

notypically characterized for expression of markers indicating

epithelial or myoepithelial characteristics as well as terminal differenti-

ation. PKH‐positive cells expressed markers of both epithelial and

myoepithelial cells but did not express terminal differentiation

markers. This expression signature was applied to human breast

cancer samples and demonstrated the ability to identify cells with

the capacity for tumor initiation, which was found to be predictive

of biological and molecular features of CSCs.182 For colon cancer,

clonal tracking using lentiviral transduction and serial transplantation

were used to track tumor initiating cells from primary human colon

cancer samples. These studies found that serially transplanted tumors

from xenografts contributed to tumor initiation in both the primary

site and metastatic sites after subsequent transplantations.189 These

studies established a positive correlation between slow‐cycling/

dormant tumor cell populations and CSCs,182,189 highlighting the

shared functional and molecular characteristics.

The connection between DTCs and CSCs is also observed in their

ability to resist cancer therapy. DTCs are often spared by current

treatment modalities due to their low proliferative phenotype, and

similar effects are seen in CSCs across tumor types. Dormant HEp3

head and neck squamous cell carcinoma cells, defined by their active

p38 signaling, low uPAR expression, and reduced growth in vivo,

proved to be highly resistant to etoposide and doxorubicin in vitro

when compared to tumorigenic controls.190 In multiple myeloma

(MM), chemotherapeutic agents can induce a slow cycling/dormant

phenotype. RPMI 8226 MM cells treated with either bortezomib or

a proteasome inhibitor (MG‐132) strongly induced cell death in a time
dependent manner in vitro. However, the absolute number of MM

cells after 24‐hour treatment with either chemotherapeutic agent

remained constant for several days post‐treatment, due to the G0‐G1

arrest of surviving cells.191 Quiescence is a hallmark of DTCs,

especially in the context of chemo/radio‐therapy and is an important

mechanism for underlying CSC resistance to therapy.192 In acute mye-

loid leukemia (AML), leukemic cells isolated from peripheral blood and

normal bone marrow samples taken from patients were able to engraft

in the bone marrow of NOD/SCID mice. However, quiescent leukemic

stem cells (LSCs), identified as slow‐cycling cells in G0, had significantly

better engraftment into the bone marrow of mice in comparison to

cells in G1, and S/G2 + M,193 suggesting that dormant cells may

possess a survival advantage in the bone marrow. In chronic myeloid

leukemia (CML), resistance to second generation tyrosine kinase inhib-

itors against BCR‐ABL has been linked to the failure of the chemother-

apeutic regimen to deplete quiescent fractions of LSCs. Primary CML

samples acquired from patients were treated with tyrosine kinase

inhibitors dasatinib and nilotinib, resulting in an increase in the less

proliferative CD34+ CD38− CFSEMax (carboxyflurorescein succinimidly

ester) cell population, which have been identified as stem/progenitor

cells when cultured in vitro..194,195 Breast CSCs from patients with

HER2 amplification were found to accumulate after cytotoxic chemo-

therapy had eliminated the bulk of tumor cells. These data are further

corroborated by patient biopsies before and after neoadjuvant chemo-

therapy and HER2 targeted therapies that showed an increase in the

percentage of CD44Hi/CD24Lo breast CSCs and their ability to form

mammospheres post‐treatment, with similar results observed in

colorectal cancer patients.196,197 It is important to note that other

mechanisms for the therapeutic resistance of DTCs may be attribut-

able to mechanisms that are intrinsic to CSCs, such as impairment of

apoptosis pathways,198 reduced drug accumulation,199,200 and

regulation of DNA repair pathways.201-203

What is lacking in the field is clear evidence for whether bone‐

disseminated dormant tumor cells are in fact cancer stem cells. This

is largely due to a lack of studies that examine the CSC population

in bone‐disseminated populations; however, there are a few studies

that have done so. It has been found that the majority of bone‐

disseminated cancer cells from breast cancer patients exhibited

CD44hi/CD24lo CSC markers.204 In contrast, it has been observed that

when human MCF7 breast cancer cells exit dormancy in vivo through

knockdown of LIFR, which is part of the receptor complex for the pro‐

stemness factor LIF, the CD44Hi/CD24Lo population does not

decrease, as would be hypothesized if there were overlap between

DTCs and CSCs; however, the MCF7 cells harbor an extremely low

CSC population, making it difficult to detect a decrease.52 Interest-

ingly, PC3 prostate cancer cells that readily colonize the bone in vivo

express the CD44 and CD133 CSC markers at an equal rate as cells

that do not colonize the bone.205 This study also found that PC3 cells

that were mitotically quiescent in vitro formed more bone metastases

following intracardiac inoculation than cells that were proliferative

in vitro. This suggests that the ability of prostate cancer cells to

induce osteolytic bone destruction is not due to an enrichment of

the CSC phenotype.

It remains unclear whether bone‐disseminated tumor cells are in

fact CSCs or have adopted their quiescent properties as a survival
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mechanism to persist long term in foreign sites. Given the overlap of

CSC and DTC properties, robust models that can identify dormant

populations and their potential overlap with the CSC population could

shed light on the mechanisms that drive tumor cell entry and exit from

dormancy. Their shared characteristics support the hypothesis that

DTCs adopt CSC features in distant sites, which may ultimately

contribute to latent disease and delayed cancer recurrence.
3 | REFLECTIONS AND REMAINING
QUESTIONS

There are many unanswered questions surrounding the fundamental

features of bone‐disseminated tumor cells and their entry and exit

from dormancy. Are bone‐disseminated cells predisposed to enter

dormancy, or it purely dependent on environmental cues that trigger

dormancy upon arrival in the bone marrow? Factors such as TSP1

suggest that the perivascular niche encountered by disseminated

tumor cells may induce dormancy,15 but a cell autonomous model of

dormancy may still be possible. How do dormancy‐maintaining signals

and reactivating signals determine the fate of a disseminated cell?

Factors that promote proliferation are often co‐expressed with

dormancy‐promoting factors, but it is unclear exactly how these two

processes overlap. For example, hypoxia stimulates tumor‐induced

osteolysis by downregulating LIFR52 and tumor cell proliferation by

promoting angiogenesis,136 while inducing the expression of pro‐

dormancy factors such as NR2F1, DEC2, p27, and TGF‐β2.118 Is there

a critical mass for the proliferation signals that outweigh the expres-

sion of dormancy‐promoting factors, and is this dependent upon

microenvironmental cues? In other words, does a dormant tumor cell

require multiple “hits” to exit dormancy? Furthermore, is tumor

dormancy fluid? Can cells fluctuate between cellular and

micrometastatic dormancy? If the loss of pro‐dormancy factors is driv-

ing the reactivation, what is causing this downregulation? In the exam-

ple of the loss of LIFR expression, extremely hypoxic regions in the

bone marrow are proposed to suppress its expression and drive cells

out of dormancy,52 but these regulatory mechanisms need to be char-

acterized for many other factors. The niches that tumor cells home to

in the bone marrow also require a greater degree of characterization

and investigation at the spatial, temporal, and molecular level.
4 | CONCLUSIONS

Dormancy maintaining factors include both microenvironmental

signals and intrinsic expression of factors on tumor cells that enable

them to receive pro‐dormancy signals. While the list of dormancy

regulating factors is growing, many of the targets are not therapeu-

tically actionable, or translational aspects have not yet been

explored. Further studies are needed to identify new targets and

facilitate potential new treatments. Additionally, the identification

of pro‐proliferative signals that drive tumor cells out of dormancy

into a reactivated state is needed in order to better understand what

triggers this phenotypic switch.
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