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    Chapter 7   
 Prevention of Conversion of Tumor Dormancy 
into Proliferative Metastases                     

       Dalit     Barkan       and     Ann     F.     Chambers    

    Abstract     Late recurrences of cancer are believed to be due to dormant disease that 
can persist for long periods following apparently successful treatment of a primary 
tumor. Clinical tumor dormancy thus creates uncertainty for cancer patients and 
their physicians, who cannot be certain that their cancer will not recur. We have a 
poor understanding about which individual patients are at risk for cancer recurrence 
following a period of tumor dormancy. Thus, in spite of the clinical importance of 
tumor dormancy, much remains to be learned about the mechanisms responsible for 
induction of, and release from, dormancy. Here we consider the clinical problem of 
tumor dormancy and discuss evolving ideas of how tumor dormancy and reinitiation 
of growth may be regulated, both naturally in the body and therapeutically. A better 
understanding of mechanisms by which dormancy can be regulated may suggest 
new therapeutic approaches to either eliminate dormant cancer cells or promote the 
maintenance of dormancy.  
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7.1         Overview of Cellular Dormancy and Micrometastases 

  Tumor dormancy   is  a   clinically important problem and can be an obstacle to suc-
cessful cancer treatment. A cancer may be treated with apparent success, only to 
return years or even decades later [ 1 ]. While  cancers   such as breast, renal, and mela-
noma have been reported to recur many years after primary treatment, data suggest 
that dormancy is a phenomenon not restricted to these tumor types, with evidence 
suggesting that tumor dormancy can occur in many cancer types [ 1 ]. However, our 
ability to predict which patients will have disseminated cancer cells that subse-
quently will recur is limited, making therapy decisions diffi cult. 

 Additionally, our knowledge about how dormancy can be regulated, and what 
may trigger dormant cancer cells to reinitiate growth, is also limited. Recently, 
tumor dormancy has become increasingly recognized as a growing clinical prob-
lem, stimulating research into this phenomenon. Here we discuss some important 
clinical issues surrounding dormancy and consider some evolving concepts of 
mechanisms through which dormancy and cancer regrowth may be regulated. 

 Metastases are responsible for most cancer deaths. Much is known about the 
steps involved in metastasis, from seeding of cancer cells from the primary tumor 
into the blood or lymphatic circulation, transport of cells to distant sites in the body, 
arrest in new organs, and growth in these new sites (reviewed in Ref. [ 2 ]). 
Fortunately, metastasis is an ineffi cient process, with few cancer cells that escape 
into the circulation actually leading to the formation of metastatic tumors [ 3 ,  4 ]. 
Many more cancer cells delivered to the circulation either die or go into a dormant 
state. It is also recognized that cancer cells shed from a primary tumor early during 
the growth and progression of a  primary tumor   [ 5 – 7 ]. Thus, many cancer patients 
may have disseminated and occult metastatic disease at the time of diagnosis of the 
primary tumor. Prediction of patients with disseminated but undiagnosed metastatic 
disease is based on population characteristics of patients with similar stage/grade of 
disease, rather than specifi c knowledge about an individual patient. Thus, some 
patients are overtreated with adjuvant therapy to benefi t only a subset of them, 
while other patients with apparently “favorable” tumors may in fact be undertreated 
(e.g., [ 8 ,  9 ]). 

 The fact that cancer can remain in a dormant state for years or even decades is a 
testament to the body’s ability to inhibit growth of cancer cells, at least some of the 
time, or perhaps to a cancer cell’s ability to suppress its own growth, at least in some 
microenvironments. The challenge, of course, is in understanding how dormancy 
and subsequent reinitiation of growth is regulated in the body. This information 
could then be applied to the development of new therapeutic approaches, to induce 
and maintain disseminated cancer cells in a state of dormancy, or alternatively to 
kill these cancer cells. 

 Here we discuss a growing list of  potential mechanisms   by which circulating 
tumor cells (CTC) exiting the circulation and entering the secondary sites to become 
disseminated tumor cells (DTC) may be induced to enter a dormant state (either 
cellular dormancy, or pre-angiogenic, micrometastatic dormancy [ 1 ,  10 ,  11 ]) via 
microenvironmental cues they encounter in secondary organs. These cues may trig-
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ger the cells to resume active growth after a period of dormancy. An improved 
understanding of ways by which cancer cells can enter and leave a functional state 
of dormancy may lead to new opportunities to target therapy directed against dor-
mant cancer cells, to either destroy them or to maintain them in a non-growing state.  

7.2     Mechanisms Underlying Quiescence and Survival 
of Dormant Tumor Cells 

 Metastasis, the spread  of   tumor cells, is an ineffi cient process where few of the dis-
seminated tumor cells will successfully survive their journey.  DTCs   that survive the 
hemodynamic forces and the immune surveillance may seed secondary sites, 
encountering a new microenvironment that will determine their fate [ 1 ,  12 ,  13 ]. The 
DTCs may survive, become dormant, or progressively grow to form metastases 
[ 10 ]. The majority of the DTCs do not survive the initial colonization, whereas 
those that adapt and survive may persist to reside in a quiescent state (cellular dor-
mancy) for many years (reviewed in Refs. [ 1 ,  12 ,  14 ]). This long term survival and 
quiescence of the DTCs may account for the latent recurrence years and decades 
after primary tumor resection and adjuvant therapy [ 15 ]. 

 Three scenarios have been proposed to induce quiescence and survival of DTCs 
[ 16 ]. These include (1) the tumor microenvironment at the secondary site, (2) the 
tumor microenvironment at the primary site, and (3) early dissemination of tumor 
cells. We consider evidence in support of each of these scenarios. 

7.2.1     Tumor Microenvironment at the Secondary Site 

 The idea that the tissue  microenvironment   at a secondary site may play a role in 
determining the fate of cancer cells that have spread throughout the body is a con-
cept that was put forward over a century ago by Stephen Paget. Paget proposed that 
 metastasis   will occur only when the tumor cell (the “seed”) and the microenviron-
ment of a given organ (the “soil”) are compatible [ 17 ]. Willis and Hadfi eld further 
developed this concept [ 18 ]. They coined the term “tumor dormancy” and specifi ed 
tumor dormancy as a process involving growth restraints exerted by the ectopic tis-
sue leading to reversible mitotic arrest (reviewed in Ref. [ 13 ]). Hadfi eld noted that 
“ When the interval  (between surgical excision and appearance of secondary tumors) 
 is prolonged to six years or more it seems impossible to escape the conclusion that 
the cells of the dormant growth are in a state of temporary mitotic arrest, no matter 
how long the period may be ” [ 18 ]. Consistent with this concept, it has been demon-
strated in experimental models that cancer cells may be seeded throughout the body, 
where they may remain dormant, only growing in specifi c “favorable” organs (e.g., 
[ 19 ,  20 ]). Hence, a foreign, ectopic microenvironment may promote quiescence 
(cellular dormancy) of some DTCs. 
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 Several  mechanisms   underlying DTC quiescence and long-term survival have 
recently been proposed. We previously demonstrated potential mechanisms by 
which the microenvironment may regulate tumor dormancy [ 21 – 23 ]. Solitary tumor 
dormancy and the  transition   to proliferation were recapitulated in vitro by utilizing 
a 3D in vitro culture system constituted from growth factor-reduced basement mem-
brane extract (BME), to mimic components of the extracellular matrix (ECM). Our 
results revealed that in the 3D culture system, cells with dormant behavior in vivo 
remained cell cycle arrested with elevated nuclear expression of p16 and p27. Our 
fi ndings that the ECM can impose growth inhibitory signals on tumor cells were in 
 concordance   with previous reports [ 24 ,  25 ] (Fig.  7.1 ). Interestingly, the dormant 
tumor cells displayed distinct cytoskeletal organization with evidence of only tran-
sient adhesion to the ECM [ 21 ]. However, we demonstrated that the switch from 
quiescence to proliferative metastatic growth was strongly infl uenced by interac-
tions with the ECM as a result of cytoskeletal reorganization and formation of actin 
stress fi bers. During this transition the tumor cells formed  actin   stress fi bers via β1 
integrin signaling and downstream phosphorylation of myosin light chain by myo-
sin light chain kinase [ 21 ,  26 ]. These fi ndings are consistent with previous work 
implicating β1 integrins in microenvironmental regulation of cell behavior [ 27 ] and 
were subsequently confi rmed by others [ 28 ], emphasizing the important role of the 
full engagement of the dormant tumor cell with the ECM as a mechanism to escape 
tumor dormancy [ 21 ,  23 ].

   These observations are also consistent with previous studies in which downregu-
lation of the  urokinase receptor   was shown to mediate signaling through α5β1 inte-
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  Fig. 7.1    Microenvironmental  factors   regulating survival and quiescence of DTCs in the lungs and 
bone marrow. The long-term survival and quiescence of DTCs in the bone marrow and or lungs is 
dependent on the microenvironmental cues within each site. BMP-7, BME, and TGFβ2 impose 
quiescence, whereas CXCL12 and TRAIL promote survival of dormant DTCs       
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grin, forcing the cells into dormancy [ 29 ,  30 ]. Furthermore, in transgenic mouse 
models for mammary or pancreatic beta cell cancer, knockdown of β1 integrin 
resulted in inhibition of proliferation of the mammary tumor cells and senescence 
of the pancreatic beta tumor cells [ 31 ,  32 ]. Thus, multiple lines of evidence indicate 
that lack of adhesion of the tumor cell to the ECM via integrins can lead a tumor cell 
to enter a dormant phase. A solitary dormant tumor cell that fails to properly adhere 
to the ECM can initiate, under  these   stress conditions, mechanisms that lead to its 
long-term survival. Pioneering work by the Aguirre-Ghiso laboratory demonstrated 
that endoplasmic reticulum (ER) stress signaling pathways contribute to growth 
arrest and survival programs during tumor cell dormancy. They showed that failure 
of squamous carcinoma cells (HEp3) to engage with the ECM led to inhibition of 
ERK1/2 signaling and activation of p38α/β signaling pathways. The reduction in 
ERK/p38 signaling ratio induced the stress adaptive response known as the unfolded 
protein response (UPR) [ 33 – 35 ]; and reviewed in Ref. [ 16 ]. These signals lead to an 
 epigenetic reprogramming and induction   of quiescence, by activation of RNA- 
dependent protein kinase–like ER kinase (PERK) [ 33 ,  34 ], survival and adaptation 
of dormant HEp3 (D-HEp3) cells in vivo by activation of ATF6alpha-Rheb-mTOR 
signaling independent on Akt signaling [ 36 ]. Interestingly, several metastasis sup-
pressor genes which selectively inhibit the growth at secondary sites, such as MKK4 
and MKK6, are activated by stress signals and are upstream activators of p38 [ 37 ]. 
The transcription factors BHLHB3/41/Sharp1 and NR2F1 are regulated by p38α/β 
and are required for dormancy of tumor cells in vivo [ 37 ]. Therefore, the growing 
family of metastasis suppressor genes, including KISS1, MKK6, BHLHLB3/
Sharp- 1, and Nm23-H1 among others, may inhibit the growth of DTC at secondary 
sites (reviewed in Ref. [ 38 ]), further supporting the notion that the microenviron-
mental cues can regulate DTC quiescence. 

 Indeed, quiescent DTCs are found in the bone marrow (BM) of patients [ 39 ]. 
Several recent studies have demonstrated how the  BM   could produce factors that 
will impose dormancy of their residing DTC (Fig.  7.1 ). Bone morphogenic protein 
7 (BMP7) in the BM was shown to trigger dormancy of prostate DTCs by activating 
p38 signaling, upregulating the metastasis suppressor gene NRDG1, and thus induc-
ing reversible growth arrest [ 40 ]. Secretion of growth arrest-specifi c 6 (GAS6) by 
 osteoblasts and tumor cells   was shown to induce dormancy of prostate cancer tumor 
cells [ 41 ]. Recently, Bragado et al. have demonstrated that transforming growth 
factor-beta2 (TGF-β2) highly expressed in the bone marrow induced ERK/p38 low 
signaling ratio resulting in induction of quiescence of highly malignant DTCs [ 42 ]. 
Intriguingly, in addition to growth factors regulating tumor dormancy in the BM, a 
recent report demonstrated that the transfer of miRNAs from BM stroma to breast 
cancer cells induced quiescence of the breast cancer cells [ 43 ]. Hence, microenvi-
ronmental factors in the BM may defi ne metastasis-restrictive microenvironment 
activating stress signals in DTC leading to their quiescence (Fig.  7.1 ). 

 Collectively, DTCs residing  at   secondary sites can be exposed directly to  stress 
signals   upon their failure to properly adhere to the ECM, and or their exposure to 
factors defi ning restrictive microenvironment. These stress conditions may initiate 
mechanisms that will promote their quiescence and survival. However, can these 
mechanisms initiate programs that will ensure quiescent DTC long-term survival? 
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Autophagy is a highly regulated self-digestion process that produces nutrients and 
energy for the cell through the breakdown of cytosolic components, and can lead to 
long-term cell survival under stress conditions [ 44 ].  Evidence   in the literature sug-
gests that abrogated adhesion of epithelial cells to the ECM may induce autophagy 
through growth factor and nutrient sensing pathways, energy-sensing pathways, and 
integrated stress response [ 45 ]. Thus, restrictive microenvironments and induction 
of stress signals may trigger autophagy, thereby promoting long-term survival of the 
quiescent DTC [ 46 ]. 

 In addition to the stress signals generated by microenvironment that may regu-
late DTC quiescence and long-term survival, there are additional microenvironmen-
tal factors that can promote the survival of DTCs. CXCL12 and TRAIL were shown 
to induce the survival of disseminated breast tumor cells in bone by upregulating 
Akt signaling via c-Src [ 47 ]. Similarly we have shown previously that activation of 
Src and ERK signaling is required for the switch of dormant breast cancer cells to 
metastatic growth [ 22 ], and combined inhibition of Src and MEK signaling was 
shown recently to reduce the survival of the dormant tumor cells in the lungs [ 48 ]. 

 Overall the microenvironment at the secondary sites can promote stress regu-
lated signals in the DTCs, directly or indirectly,  thus   determining their fate.  

7.2.2     Tumor Microenvironment at the Primary Site 

 The microenvironment at the primary tumor  site   may prime the disseminated tumor 
cells to enter a quiescent state that will be maintained once the cells will colonize 
the distant site with matching microenvironmental cues. Gene signatures present in 
the primary tumors have been shown to predict long-term metastatic relapse [ 45 ,  49 , 
 50 ]. Furthermore, gene expression signatures from surrounding histologically nor-
mal tissue proximal to the tumor were also shown to predict breast cancer patient 
survival [ 51 ]. It is possible that these gene signatures may be generated by stress 
signals present at the primary site such as hypoxia. These stress signals were shown 
to promote autophagy of the tumor cells, thus promoting the induction of quies-
cence and survival signals [ 44 ,  52 ,  53 ] that may protect tumor cells from pro-
grammed cell death induced upon cell detachment from extracellular matrix 
(anoikis) [ 45 ]. Hence, one can envision that a subset of cells in a primary tumor that 
disseminate from a hypoxic microenvironment may already be in a dormant state. 
These cells may be already primed with survival mechanisms such as autophagy 
and or gene expression patterns that may be enable their successful seeding of dis-
tant sites and their continued survival in a quiescent state.  

7.2.3     Early Dissemination of Tumor Cells 

 Early-disseminated tumor  cells   may not possess the genetic input required to initi-
ate growth at secondary sites [ 6 ,  54 ,  55 ]. Therefore, tumor cells that disseminate 
early from the primary site may be an additional instigator of DTC dormancy. There 
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are several reports demonstrating early dissemination of tumor cells in experimental 
mouse models. In MMTV-ErbB2 mice with pre-malignant lesions, DTC were 
already present in their BM [ 55 ]. In a uveal melanoma mouse model, it was shown 
that dissemination occurred at a very early stage and dormant DTCs were detected 
in several distant organs [ 56 ]. In a model of mammary hyperplasia GATA-3 loss 
facilitated early dissemination  and   eventually metastasis [ 57 ]. Importantly, early 
dissemination of tumor cells is further supported in clinical settings as well. Several 
reports have demonstrated that in breast cancer, DTCs are found in BM in ~10–30 
% of breast cancer patients with noninvasive lesions (e.g., atypical ductal hyperpla-
sia (ADH) or ductal carcinoma in situ (DCIS)) (reviewed in Ref. [ 16 ]). Furthermore, 
late recurrence of uveal melanoma in the liver (>10 years) was shown to be due to 
DTCs that were disseminated at least half a decade before diagnosis [ 58 ]. 
Intriguingly, Klein et al. [ 59 ] demonstrated that tumor cells in patients with different 
metastatic diseases had a homogeneous profi le and exhibited several aberrations at 
a genomic level. In contrast, DTCs from patients with nonmetastatic disease were 
genetically heterogeneous, and their chromosomal abnormalities were very differ-
ent from their matched primary tumors [ 60 ]. Hence, accumulating evidence in the 
literature suggests that early disseminated DTCs seeded to restrictive microenviron-
ments will  remain   dormant and may require additional genetic or epigenetic altera-
tions that will allow them  to   escape their dormant state.   

7.3     Molecular Mechanisms Mediating the Transition 
from Tumor Dormancy to Metastatic Growth 

 Here we focus on three  mechanisms   that  have   been proposed to regulate the dormancy 
of cancer cells disseminated to secondary organs (1) cellular dormancy, (2) dormancy 
regulated by a pre-angiogenic state, and (3) dormancy maintained by aspects of the 
immune system. Enhanced knowledge about all of these mechanisms will be neces-
sary in order to exploit these mechanisms for new therapeutic strategies. 

7.3.1     Cellular Dormancy 

  Mechanisms   underlying the reactivation of quiescent DTCs ( cellular dormancy  ) are 
still largely unknown. Yet several reports in the literature demonstrate that recipro-
cal interactions between DTCs and their surrounding microenvironment can lead to 
intracellular signaling in the tumor cells that will reactive their proliferation. We and 
others have demonstrated that integrin beta 1 (Intβ1) activation is a key regulator in 
the switch from cellular dormancy to metastatic growth in vitro and in vivo [ 21 ,  22 , 
 28 ,  29 ]. In vitro studies used a 3D culture system, constituted from growth factor-
reduced basement membrane (BME), to model dormancy, and found that dormant 
vs. proliferative behavior in this model mimicked the dormant vs. metastatic 
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behavior of multiple cell lines in vivo [ 21 ]. Using this 3D system, it was demon-
strated that supplementation of the BME with either fi bronectin or type I collagen 
induces Intβ1 downstream signaling [ 21 ,  22 ], leading to activation of focal adhesion 
kinase (FAK) by Src. This activation results in downstream activation of the extra-
cellular signal regulated kinase (ERK), a key regulator in cell cycle and cytoskeletal 
reorganization. ERK in turn induces phosphorylation of myosin light chain (MLC) 
by myosin light chain kinase (MLCK), culminating in f-actin stress fi ber organiza-
tion, followed by translocation of cyclin-dependent kinase inhibitor p27 to the cyto-
plasm [ 21 ,  22 ]. The following induced  cascade culminates   in the transition from 
dormancy (quiescence) to proliferation. Additionally, previous studies in head and 
neck and breast cancer cells demonstrated that high uPAR expression induces α5β1 
integrin and in turn this complex recruited EGFR and FAK, which in a fi bronectin-
dependent manner induces sustained ERK activation [ 30 ]. Hence, Intβ1 plays an 
important role in the cross talk  between   disseminated tumor cells and their micro-
environment. Furthermore, the activation of Intβ1 was dependent on the remodeled 
ECM enriched with fi bronectin and or Type I collagen (Col-I) reminiscent of a 
fi brotic/desmoplastic microenvironment (Figs.  7.2  and  7.3 ). Thus, the establishment 
of a permissive microenvironment is required to promote the outbreak of dormant 
DTC along their ability to engage with it.
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  Fig. 7.2    Microenvironmental  factors   regulating the metastatic outgrowth of quiescent and pre- 
angiogenic DTCs. ECM remodeling and release of its bioactive factors are key microenvironmen-
tal signals promoting the emergence of DTCs from tumor dormancy to metastatic growth. ECM 
remodeling occurs during the vicious osteolytic cycle in the BM and upon establishment of a 
desmoplastic/fi brotic like microenvironment in the lung characterized by increased Col-I expres-
sion and its cross linking by LOX, formation fi bronectin fi brils and release of ECM factors such as 
TGFβ1, POST, and pro-angiogenic factors       
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    Indeed, we recently demonstrated that induction of  fi brosis   at the metastatic site 
such as the lung, by either the residing DTCs or by exogenous intervention, switches 
dormant tumor cells to metastatic growth in the lungs ([ 22 ]; reviewed in Ref. [ 23 ]; 
Figs.  7.2  and  7.3 ). Furthermore Cox et al. demonstrated that Lysyl oxidase cross- 
linking of Col-I in a fi brotic lung enhanced the outgrowth of DTCs [ 61 ]. Accordingly, 
matrix stiffening is induced by increased Col-I deposition and cross-linking and has 
been shown previously to promote malignant transformation and progression [ 62 , 
 63 ] and was shown recently to regulate tumor dormancy [ 64 ]. Therefore, changes in 
the mechanical compliance of the matrix along with the biochemical composition 
that can occur as a consequence of therapy and or aging of tissue (reviewed in Ref. 
[ 23 ]) can promote permissive microenvironments that can support transition of dor-
mant DTCs to metastatic growth. Importantly, dormant DTCs can emerge from 
their dormant state even in a  restrictive microenvironment   such as the lungs (Fig. 
 7.2 ). A report by Gao et al. demonstrated that dormant 4T07 breast cancer cells 
overexpressing Coco, an antagonist of transforming growth factor beta (TGF-β) 
ligands, transitioned from dormancy to metastatic growth in the lungs [ 65 ]. Coco 
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  Fig. 7.3    Mechanisms leading  to   metastatic outgrowth of dormant DTC in the lungs. ( 1 ) Stroma- 
derived POST interacts and thus recruits WNT ligands activating the WNT signaling pathway. ( 2 ) 
β1-integrin activation through fi bronectin/type I collagen and/or uPAR initiates downstream sig-
naling via Src and FAK, inducing high ERK/p38 ratio which in turn activates MLCK leading to 
cytoskeletal reorganization and metastatic growth. ( 3 ) COCO derived from DTCs can antagonize 
the inhibitory effect of BMP-4       
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blocked the binding of microenvironmental BMP4 ligands to the BMP receptor on 
the cancer cells, thus overriding the restrictive cues produced by the lung microen-
vironment. In contrast, blocking endogenous expression  of   Coco in counterpart 
metastatic 4T1 breast cancer cells, induced tumor dormancy [ 65 ]. Along these lines, 
suppressive cues imposing dormancy of DTCs residing in stable microvasculature 
such as in the lung and BM are lost in sprouting neovasculature. Ghajar, Bissell, and 
colleagues demonstrated that in the sprouting neovasculature, the expression of 
tumor suppressive factors such as TSP1 is diminished, and conversely enriched with 
expression of tumor promoting factors such as TGFβ1 and the extracellular protein 
periostin (POST), thus instigating the outbreak of otherwise dormant breast tumor 
cells [ 66 ]. Establishment of a supportive niche in the BM for metastatic outgrowth 
of indolent breast tumors is fostered by increased local osteoclast activity. Lu et al. 
demonstrated that elevated expression of VCAM-1 on dormant breast tumor cells 
allowed dormant tumor cells to interact with osteoclasts, yielding paracrine signals 
and enhancing osteolytic metastatic growth [ 67 ]. Hence, establishment of a 
 permissive microenvironment is required to support reactivation of the dormant 
tumor cells Fig.  7.2 . 

 The microenvironment at the  metastatic niche   may also promote the residing 
dormant tumor cells to acquire a tumorigenic capacity by converting them to cancer 
stem cell like cells (CSC) (reviewed in Ref. [ 68 ]). Increasing evidence indicates that 
the tumor cells that initiate metastatic outgrowth possess several attributes of cancer 
stem cells (reviewed in Ref. [ 68 ]). Tenascin C, which is often found in stem cell 
niches, supports the outgrowth of breast cancer cell colonizing the lungs by elevat-
ing both Notch and Wnt signaling [ 69 ]. Furthermore, Malanchi and colleagues 
recently demonstrated that only tumor cell with CSC like properties will colonize 
the lungs and expand to form metastatic lesions [ 70 ]. These CSC induced the stro-
mal cells in the lungs to express POST, a stromal factor of normal stem cell niches. 
POST expression in the resulting  niche environment   supported the growth  of   metas-
tases by promoting Wnt signaling (Fig.  7.3 ). Hence, components of the metastatic 
niche may induce or maintain properties associated with stemness of DTCs. 
Importantly, DTCs can obtain a stemness phenotype at the metastatic site upon their 
loss of an epithelial phenotype and acquisition of a mesenchymal phenotype (epi-
thelial–mesenchymal transition; EMT) [ 71 ]. Indeed, EMT has been shown recently, 
in addition to endow DTCs with CSC properties, to directly promote the outbreak 
of otherwise dormant tumor cells by increasing Intβ1 expression necessary for met-
astatic outgrowth [ 72 ] (Fig.  7.3 ).  

7.3.2     Pre-angiogenic Dormancy 

 Cancer growth requires  an      expanding blood circulation to support continued growth, 
both for the primary tumor as well as metastases (reviews in Refs. [ 73 ,  74 ]). 
 Angiogenesis  , the growth of new blood vessels, depends on a balance between pro- 
angiogenic and antiangiogenic molecular stimuli. Angiogenesis has thus been seen 
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as a target for anticancer therapy, and the complexities of this approach are well 
recognized [ 75 ]. Angiogenesis has been shown to play a role in regulating cancer 
growth and dormancy. Folkman and colleagues documented that antiangiogenic 
factors secreted by a primary tumor could restrict distant micrometastatic growth, 
holding the metastases in an “active” state of functional dormancy in which cell 
division and apoptosis were balanced, with no net increase in metastatic tumor size 
[ 11 ,  76 ]. Tumors in a state of pre-angiogenic dormancy thus are distinct from quies-
cent, dormant tumor cells, and consequently may present a distinct therapeutic tar-
get [ 10 ]. Antiangiogenic therapies thus have the potential to inhibit tumor growth 
(at the primary or metastatic sites), and also to maintain pre-angiogenic microme-
tastases in  a   functionally dormant, non-expanding state. 

 Recent work from Naumov and colleagues have shown, in mouse models of 
primary tumor growth, that the angiogenic phenotype may be plastic and regulat-
able, raising hopes for development of agents that could revert vascularized metas-
tases to a pre-angiogenic, non-growing state [ 77 ]. Along these lines, Almog and 
colleagues recently identifi ed a set of 19 small noncoding RNA molecules (miR-
NAs) that control the phenotypic switch of human dormant breast carcinoma, glio-
blastoma, osteosarcoma, and liposarcoma tumors to exponential growth [ 78 ]. 
Downregulation of 16 of the highly expressed miRNAs correlated with the switch 
of dormant tumor to the fast-growing angiogenic tumor. Moreover, reconstitution of 
miR-580, 588, or 190 promoted prolonged tumor dormancy of otherwise actively 
proliferation angiogenic tumors. Hence, metastasis may potentially be maintained 
long-term in a pre-angiogenic dormant state by  antiangiogenic      therapy as was dem-
onstrated previously [ 79 ] and as was predicted recently by the mathematical model-
ing by Benzekry et al. [ 80 ].  

7.3.3     Dormancy Regulated by the Innate and Adaptive 
Immune System 

 Micrometastatic dormancy  is   characterized by active equilibrium between prolifer-
ation and apoptosis. This equilibrium was suggested to be regulated by immune 
surveillance in addition to the angiogenic switch [ 81 ]. In a mouse model of mela-
noma, the outgrowth of early DTCs at distant sites was controlled partially by CD8+ 
T cells. CD8+ T cells inhibited the growth of disseminated tumor cells, surprisingly, 
not by cytotoxic effects, but through cytostatic effects and their depletion led in turn 
to the emergence of DTCs from their dormant state [ 56 ]. Accordingly, recent reports 
demonstrated the role of T-lymphocytes as regulator of tumor dormancy [ 82 ] and 
active suppression of T cells by IFN-γ or IL-12 blocking induces escape from dor-
mancy (reviewed in Ref. [ 83 ]). 

 In the DA1-3b mouse model  of   acute myeloid leukemia, dormant tumor cells 
were resistant to cytotoxic lymphocytes (CTL) by overexpressing B7-H1 and B7.1. 
B7-H1 interacts with programmed death-1 (PD-1) expressed on T cells, and inhibits 
T-cell activation and CTL-mediated lysis [ 84 ]. Hence, dormant tumor cells may 
become more resistant to specifi c CTL mediated killing. Indeed, recent reports have 
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demonstrated that PDL-1 (the ligand of PD-1) was upregulated in irradiated tissue. 
In contrast, administration of anti-PD-L1 enhanced the effi cacy of ionizing irradia-
tion (IR) through a CTL-dependent mechanisms leading to antitumor immunity in 
mice [ 85 ,  86 ]. Along these lines, methylation of suppressor of cytokine signaling 
(SOCS1) and its downregulation in dormant tumor cells was reported to deregulate 
JAK/STAT pathways within the dormant tumor cells, thus promoting resistance to 
CTL-mediated killing [ 87 ]. Hence, inhibition of T-lymphocytes and preventing the 
resistance of the dormant tumor cells to CTL mediated killing may be the mecha-
nisms accounting for the escape of the dormant tumor cells from the immune 
response. 

 Overall, the studies described above  in   several animal models of tumor dormancy 
support the potential role of the immune system in keeping the micrometastases 
indolent for prolonged periods of time. However, controversies exist regarding the 
role of the immune system in regulating tumor dormancy in the clinical settings 
(reviewed in Ref. [ 88 ]). Furthermore, a recent report by Magnus et al. adds another 
complexity to the role of the immune system in regulating tumor dormancy [ 89 ]. 
They demonstrated that expression of Tissue Factor in indolent human glioma cells 
led to a stepwise transition of dormant tumor cells to metastatic outgrowth, a pro-
cess that was preceded  by   recruitment of vascular (CD105+) and myeloid (CD11b+ 
and F4/80+) cells, thus demonstrating that the immune system might actually aug-
ment an escape of tumor cells  from   dormancy.   

7.4     Conclusions of Metastatic Tumor Dormancy 
as a Clinical Target 

 Metastasis continues to  be   responsible for the majority of cancer deaths, in spite of 
our enhanced understanding of tumor biology. When cancer is detected early, before 
it has spread, it is more likely to be successfully treated, while metastatic disease is 
considerably more diffi cult to treat. Compounding this diffi culty is the ability of an 
apparently successfully treated cancer to recur, sometimes years or decades later, 
following a protracted period of tumor dormancy. Here we consider some of the 
clinical and biological issues about tumor dormancy, and our relatively limited 
understanding of how dormancy may be regulated. 

 An increase in recent years in studies on mechanisms contributing to regulation 
of tumor dormancy is providing a growing wealth of information about dormancy. 
Clearly, tumor dormancy is a complex and multifaceted problem, and we have much 
to learn about how dormancy arises and persists, as well as how cancer cells can be 
released from dormancy and reinitiate growth. The fact that cancer can be naturally 
maintained in a state of dormancy gives hope that these processes can be studied 
and utilized in future therapies. However, the complexity of factors that contribute 
to dormancy and release from dormancy will make this approach challenging. Here 
we outline some of the factors that have been identifi ed as contributers to tumor 
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dormancy, and thus suggesting ways to either maintain cancer in a dormant state or 
kill dormant cancer cells. It is clear that many aspects of the tissue microenviron-
ment surrounding dormant metastatic disease contribute to the dormant phenotype. 
Potential therapeutic approaches to prevent dormant cancer cells from reinitiating 
growth include blocking microenvironmental signals that promote tumor growth, 
inhibiting angiogenic stimulation of micrometastatic growth, and enhancing 
immune  regulation   of dormancy. We have much to learn about dormancy and its 
regulation, but models are becoming increasingly available for experimental study. 
Additionally, there is a growing recognition that we need to learn much more about 
dormancy in patients. Which patients harbor dormant cells, and which patients can 
be considered cured of their disease? In patients who do have persistent cancer cells, 
what factors—either inherent to the tumor cell or modifi able factors in the patient—
contribute to maintenance of dormancy vs. reinitiation of tumor growth? In order to 
address the clinical problem of tumor dormancy, we need continued and enhanced 
experimental efforts to understand the biology of tumor dormancy, coupled with 
increased understanding of the clinical status of disseminated disease in patients. 
 This   enhanced knowledge is crucial to improve the survival of cancer patients.     
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