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  Abstract   The development of metastasis is the major cause of death in cancer 
patients. In certain instances, this occurs shortly after primary tumor detection and 
treatment, indicating these lesions were already expanding at the moment of diag-
nosis or initiated exponential growth shortly after. However, in many types of can-
cer, patients succumb to metastatic disease years and sometimes decades after being 
treated for a primary tumor. This has led to the notion that in these patients residual 
disease may remain in a dormant state. Tumor cell dormancy is a poorly understood 
phase of cancer progression and only recently have its underlying molecular mecha-
nisms started to be revealed. Important questions that remain to be elucidated 
include not only which mechanisms prevent residual disease from proliferating but 
also which mechanisms critically maintain the long-term survival of these dissemi-
nated residual cells. Herein, we review recent evidence in support of genetic and 
epigenetic mechanisms driving dormancy. We also explore how therapy may cause 
the onset of dormancy in the surviving fraction of cells after treatment and how 
autophagy may be a mechanism that maintains the residual cells that are viable for 
prolonged periods.  
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   Introduction 

 Metastasis is responsible for the majority of cancer-related deaths. However, our 
understanding of this complex process is incomplete, which limits our opportunities 
to prevent metastatic development. There are several fundamental questions that 
remain mostly unanswered in this  fi eld: How does early dissemination contribute to 
a dormant cell population and what are the underlying mechanisms? How does 
the tumor microenvironment aid this process? Are primary tumor niches responsi-
ble for programming disseminated tumor cells (DTCs) to grow or enter quiescence 
in target organs? What role does the microenvironment of the target organ play in 
determining the timing or extent of DTC dormancy? 

 The “seed and soil” theory of metastasis proposes that a natural match exists 
between the DTCs (the seeds) and the target organ (the soil) in which they can grow 
into overt lesions  [  1  ] . This theory is derived from the relatively predictable pattern 
of target organ metastasis that depends on the tissue origin of the primary tumor. 
However, it remains dif fi cult to predict the timing of metastasis because, even in 
those sites propitious for growth, it can take years to decades for metastases to 
develop  [  1  ] . Indeed, certain cancers, such as breast carcinoma and melanoma, are 
well known for their propensity to relapse after a long disease-free period, often 
decades after initial diagnosis and treatment of the primary tumor. Moreover, it has 
been proposed that these long periods of asymptomatic disease are due to minimal resid-
ual disease (MRD), because DTCs enter a nonproductive or dormant state  [  1,   2  ] . 

 In cancer patients, DTCs can be found in sites where they typically form secondary 
lesions, as well as in sites where they rarely do  [  1  ] . Thus, despite being able to dis-
seminate, these DTCs are presumably “growth-suppressed” by the microenviron-
ments of certain organs. Insights into these mechanisms should lead to the 
identi fi cation of novel biomarkers that indicate whether patients harbor dormant 
disease, and should uncover new signaling pathways that can be modulated to either 
maintain the dormancy of DTCs or eliminate them entirely by blocking critical 
survival pathways. 

 To date, several mechanisms have been proposed to explain clinical dormancy 
(i.e., asymptomatic disease) in cancers. The lack of proliferation markers in surviv-
ing DTCs obtained from patients and  fi ndings from experimental studies suggest 
that solitary DTC dormancy may be controlled by mechanisms of quiescence  [  1  ] , a 
reversible growth arrest that can be induced by different signals  [  3  ] . Angiogenic 
dormancy or immune system-mediated tumor mass dormancy may also be respon-
sible for maintaining the dormancy of residual disease  [  4,   5  ]  (see Almog and 
Quesnel chapters in this book). 

 The primary tumor and target organ microenvironments are intimately intercon-
nected by the biology of DTCs (Fig.  5.1 ). Three potential scenarios that relate to this 
concept may explain DTC dormancy. First, DTCs from invasive cancers activate stress 
signals in response to the dissemination process and/or due to a growth-suppressive 
microenvironment of the target organ (see “ The Target Organ Microenvironment 
and DTC Dormancy ” section for examples of such microenvironments and their 
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components), ultimately leading to induction of dormancy  [  1  ] . Second, therapy and/
or microenvironmental stress conditions (e.g., hypoxia, reactive oxygen species) 
acting on tumor cells in the primary lesion endow these tumor cells with speci fi c 

  Fig. 5.1    Upon arrival at secondary sites, the crosstalk between the DTCs and the new microenvi-
ronment will determine the fate of the DTCs: In a permissive microenvironment ( right ), such as the 
lungs, interactions with the extracellular matrix (ECM), and stromal cells of the favorable microen-
vironment will allow DTCs to adapt and integrate growth-promoting signals, such as those derived 
from  fi bronectin, which will result in activation of mitogenic signaling (high ERK/low p38 ratio), 
thereby promoting DTC proliferation and the formation of micrometastasis. On the contrary, in 
restrictive microenvironments ( left ) such as bone marrow or liver for some cancers, either the loss 
of surface receptors or the interaction with non-growth-permissive ligands will result in activation 
of stress signaling (low ERK/high p38 ratio) that will induce both quiescence and survival signals, 
which will in turn lead to a prolonged phase of dormancy. Activation of p38 induces a G 
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that is partly mediated by transcriptional activation of BHLHB3, NR2F1, and p53, which control 
the expression of different regulators of the cell cycle, such as p21, p27, p15, and p18, which medi-
ate tumor cell growth arrest. Furthermore, active p38 a  induces an ER-stress response that coordi-
nates growth arrest and survival through the activation of PERK, IRE-1, and ATF6. PERK 
contributes to both quiescence and survival of DTCs. Upon activation, PERK induces phosphory-
lation of EIF2 a  and attenuation of translation initiation, which leads to downregulation of cyclin 
D1/D3 and CDK4 and to the induction of quiescence. On the other hand, the other arms of the 
ER-stress pathways, ATF6 a  and IRE1 a , contribute to DTC dormancy by promoting survival. 
IRE1 a  activation leads to the induction of XBP and the activation of the transcription of survival 
genes, whereas activation of ATF6 a  induces survival through the upregulation of Rheb and activa-
tion of mTOR signaling, allowing DTCs to adapt to the  in vivo microenvironment. In addition to 
this, as part of the ER-stress response, the chaperone BiP/Grp78 is also activated, and this leads to 
inhibition of Bax activation to prevent apoptosis and thus, promote survival and drug resistance       
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gene expression signatures that prime newly formed DTCs to enter dormancy. Here, 
speci fi c primary tumor “stress microenvironments” may in fl uence the DTCs to 
enter long-term dormancy when the cells initially arrive at secondary sites. Third, 
lesions that are pathologically de fi ned as noninvasive carry a subpopulation of cells 
that possess the ability to undergo micro-invasion and disseminate. Although these 
DTCs are able to intravasate into and extravasate out of the systemic circulation, 
they remain un fi t for expansion in secondary sites. Nonetheless, they can survive in an 
arrested state over an extended period and perhaps undergo occasional cell divi-
sions, progressing via epigenetic and genetic pathways to eventually become a 
fully metastatic cell able to grow at the secondary sites. In this chapter, we focus 
both on how solitary DTC fate is in fl uenced by tumor–host interactions occurring 
in primary tumors and target organs, and on how autophagy may serve as a cell-
autonomous survival function in residual disease (Fig.  5.2 ). We propose that 
DTCs undergo dormancy to survive speci fi c stressful microenvironments (see 
section “ The Target Organ Microenvironment and DTC Dormancy ”) and, therefore, 
that blockade of the survival signals in dormant cells will ultimately lead to their 
eradication.    

   Early Dissemination as a Contributing Factor to Dormancy 
and MRD 

 The present paradigm proposes that metastases arise from rare clones that evolve 
in the primary tumor and acquire characteristics that allow them to disseminate and 
grow in secondary sites  [  6,   7  ] . This somewhat linear model motivates the predic-
tion that tumor cells will emerge with metastatic capacity only if they are derived 
from evolutionarily “late-progressed” tumors (i.e., those with multiple malignancy-
associated genetic alterations). It also suggests that tumor cells endowed with met-
astatic capacity should be absent or infrequent in patients carrying premalignant/
invasive lesions (with fewer genetic alterations, see below)  [  6,   7  ] . However, a major 
challenge to this theory was posed by a series of studies in breast cancer from the 
Klein lab, which suggested that dissemination had already occurred in lesions that 
were considered to develop “early” in tumor progression and were pathologically 
de fi ned as noninvasive, such as atypical ductal hyperplasia (ADH) and ductal car-
cinoma in situ (DCIS)  [  6,   8–  11  ] . These studies also indicated that the pause 
observed in the progression of early DTCs may be due to a “lead time”  [  6,   8–  11  ] . 
This refers to the time when DTCs with a limited number of genetic alterations are 
able to survive, but are unable to ef fi ciently proliferate to gain additional mutations 
that would favor growth ectopically. This is supported by the fact that genetic alter-
ations in DTCs detected in patients with ADH or DCIS are very heterogeneous 
 [  12  ] . In contrast, genetic anomalies in DTCs from patients carrying diagnosed 
metastatic disease are signi fi cantly more homogeneous, suggesting that certain 
genetic traits are selected for active expansion in the secondary site and that the 
original heterogeneity in DTCs is reduced  [  6,   8–  12  ] . 
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 Modeling of tumor cell dissemination during early stages of cancer progres-
sion in MMTV-Neu (Neu) mice showed that premalignant lesions contained 
micro-invasive cells and that dissemination to lungs and bone marrow (BM) was 
readily detected  [  9  ] . In uveal melanoma, a cancer with 50% incidence of late liver 
recurrence (>10 years) in humans  [  13  ] , analysis of tumor doubling times led to the 
conclusion that dissemination had occurred at least half a decade before diagno-
sis. In an uveal melanoma mouse model  [  14  ] , it was shown that dissemination 
occurred early and dormant (i.e., growth-arrested) DTCs were commonplace. In a 
 Drosophila melanogaster  model using CSK (C-terminal Src kinase)-null  fl ies, 

  Fig. 5.2    Activation of autophagy in response to different forms of stress can promote survival 
during growth arrest, making autophagy a component of dormant tumor cell survival. Autophagy 
is a stress-response mechanism that can be activated in response to various microenvironmental 
stresses such as hypoxia, extracellular matrix (ECM) detachment, endoplasmic reticulum (ER) 
stress, growth factor withdrawal, metabolic stress, activation of tumor suppressor genes (aplasia 
Ras homolog member I [ ARHI ]), or therapy-induced stress (Gleevec). Once activated, autophagy 
can mediate cell survival through different mechanisms that usually involve the activation of  ATG  
genes, although it can also inhibit TRAIL-mediated apoptosis, for example. Some evidence exists 
that autophagy might contribute to tumor dormancy through the induction of tumor cell survival; 
for example, in ovarian carcinoma, ARHI-induced autophagy was shown to contribute to cell sur-
vival and tumor dormancy through restoration of PI3K signaling. Furthermore, in gastrointestinal 
stromal tumors (GIST), autophagy is induced in response to Gleevec, which leads to the induction 
of a dormant state in which these tumor cells can survive for extremely prolonged periods. Because 
autophagy can protect cells from different microenvironmental induced stresses, one can speculate 
that autophagy might be one of the mechanisms activated to promote the survival of dormant dis-
seminated tumor cells in restrictive microenvironments       
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early dissemination required Src activation without loss of E-cadherin or obvious 
induction of an epithelial-mesenchymal transition, which is supposedly a prereq-
uisite for dissemination  [  15  ] . 

 It is possible that early dissemination accounts for the variable periods of 
dormancy time because early DTCs are genetically and/or epigenetically un fi t for 
expansion. Alternatively, DTCs carrying genetic alterations that favor growth or 
those originating from more progressed lesions may be kept “in-check” by the 
microenvironment, whereby epigenetic or therapy-derived mechanisms  [  1  ]  contrib-
ute to tumor cell dormancy during or after the “lead time”  [  1,   16  ] . In support of the 
microenvironment playing a role, a recent report suggested that breast cancer 
patients with cells disseminated to the BM had longer disease-free periods than 
patients who were negative for cells in this site  [  17  ] . This suggests that the bone 
microenvironment may change the timing of cancer progression by favoring dor-
mancy. Nonetheless, it remains unclear how the primary tumor or the target organ 
microenvironments may control the lead time in solitary DTCs, and the kinetics 
driving genetic progression during this lead time remain poorly understood. 

 The possibility of therapy-induced quiescence may follow different mechanisms. 
In multiple myeloma, treatment with a proteasome inhibitor (bortezomib) has been 
found to induce post treatment protracted quiescence and survival of a fraction of 
cancer cells  [  18  ] . Furthermore, it has been shown that BCR-ABL blasts detected by 
 fl uorescence in situ hybridization (FISH) in chronic myelogenous leukemia patients 
who had responded to interferon-γ treatment 5–10 years earlier had no detectable 
mRNA for the oncogene  [  19,   20  ] . This suggests that epigenetic or post-transcrip-
tional mechanisms may be dominant and suppress gene expression, including even 
those genes that are mutated or ampli fi ed. This potentially explains why, despite the 
presence of genetic alterations, these cells remain at a residual level. This dormancy 
may be explained by mechanisms similar to those controlling hematopoietic stem 
cell dormancy, whereby inactive STAT1 and Akt1 as well as low Sca-1 levels appar-
ently maintain dormancy of these cells. In fact, it has been proposed that treatment 
with interferon- may break the dormancy of leukemic stem cells by activating 
(activity and expression) the above-mentioned molecules, and that these cells are 
now prone to being targeted by BCR-ABL inhibitors  [  21  ] . This also suggests that, 
while chemotherapeutic drugs or other treatments kill a large fraction of cells, they 
can also cause induction of a residual dormant cell population that may subsequently 
be poised for recurrence (see below).  

   The Target Organ Microenvironment and DTC Dormancy 

 Solitary DTCs in target organs can establish interactions with the extracellular 
matrix (ECM), immune cells, and vasculature  [  22  ] . Studies using breast cancer cell 
lines selected for vigorous growth in target organs identi fi ed gene expression pro fi les 
that favored organ-speci fi c colonization  [  23  ] . On the contrary, some genes including 
the metastasis suppressor gene (MSG)  MKK4 , via  p38 , can suppress metastases 
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 [  24  ] , and this seems to depend on stress signals from the microenvironment (see 
Fig.  5.1 )  [  25  ] .  MKK4  belongs to a family of genes that selectively blocks metastatic 
growth, and includes  KISS1 ,  MKK6 ,  BHLHLB3/Sharp-1  (another  p38 -induced gene 
 [  26  ] ), and  Nm23-H1 , among others  [  25,   27  ] . Because these genes suppress the 
growth and expansion of DTCs at target organs, yet fail to impede primary tumor 
growth, this further supports that the target organs with speci fi c tissue microenvi-
ronments are required for these molecules to exert their growth-suppressing 
functions. 

 In squamous carcinoma cells (HEp3), reduced expression of urokinase (uPA) 
receptor (uPAR) deactivates  a 5 b 1 integrins, which makes these cells incapable of 
binding ef fi ciently to  fi bronectin  [  28  ] . This results in reduced focal adhesion kinase 
(FAK) and epidermal growth factor receptor signaling, as well as in p38 activation. 
Thus, a failure by tumor cells to establish appropriate interactions with the ECM 
may induce growth-restrictive signals that fuel a quiescence state  [  1  ] . Furthermore, 
the loss of  b 1 integrin or FAK signaling in breast cancer models can induce dor-
mancy, and activation of the Src-MLKC pathway can prevent dormancy  [  1,   29  ] . 
In addition, a  fi brous collagen-I-enriched microenvironment in lungs can trigger 
intravenously injected mouse breast cancer cells to exit dormancy  [  29  ] . In contrast, 
microenvironments rich in  fi brillar collagen-I induce melanoma quiescence by acti-
vating the discoidin domain receptor 2 and p15INK4b induction  [  13  ] . Collectively, 
these studies demonstrate that the loss of growth pathways induced by either thera-
pies or a restrictive (i.e.,  fi brotic or non- fi brotic target tissues depending on the 
tumor type) tissue microenvironment is accompanied by the activation of stress 
pathways; this immediately motivates the hypothesis that the integration of these 
two types of signals within a DTC is responsible for both entry into and exit from a 
dormant state (see Fig.  5.1 ). 

 In HEp3 squamous carcinoma cells, while the activation of p38 a / b  inhibits 
ERK1/2 signaling, it also activates a stress-adaptive response known as the unfolded 
protein response (UPR)  [  26,   30,   31  ] . These signals lead to an epigenetic reprogram-
ming and induction of survival and quiescence of dormant HEp3 (D-HEp3) cells 
 [  32  ] . D-HEp3 cells inoculated in vivo enter a deep G 
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induction of  p21 ,  p27 ,  p18 , and  p15   [  26  ] . At least three transcription factors (TFs), 
p53, BHLHB3/41/Sharp1 and NR2F1, are regulated by p38 a / b  and required for 
dormancy of tumor cells in vivo  [  26  ] . This program is activated in dormant DTCs 
recovered from the bone marrow (BM) but is reversed when tumor cells exit dor-
mancy or grow persistently in lungs (our unpublished results) (see Fig.  5.1 ). 
BM-derived dormant HEp3 cells display a low ERK/p38 signaling ratio and induc-
tion of BHLHB3/41/Sharp-1, NR2F1, and p53. Interestingly, MSGs, such as  MKK4  
and  MKK6 , are upstream activators of  p38   [  25  ] , whereas BHLHB3 is a target of  p38  
required for quiescence induction  [  26  ] . Thus, it seems that different mechanisms 
converge in the regulation of the ERK/p38 signaling ratio and result in induction of 
either proliferation or dormancy. 

 An important question is whether the target organ microenvironment, where 
DTCs reside, induces dormancy programs, and if so, how? In tumors like those in 
head and neck squamous cell carcinoma and breast cancer, bone metastasis occurs 
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at a frequency of 10–30%  [  7,   33,   34  ] . However, the detection of BM DTCs is much 
higher (>50% of patients)  [  6,   35  ] . This suggests that not all DTCs ultimately form 
overt metastasis and/or that a delay takes place. In mouse models of cancer (xeno-
grafts or transgenic), BM metastases are rarely observed. For example, in MMTV-
Neu transgenic mice, BM DTCs are readily detected but mice never develop bone 
metastasis  [  9  ] . However, if the BM microenvironment is modi fi ed via irradiation  [  9  ]  
or if p38 a / b  is systemically inhibited, then DTCs expand ( [  9  ]  and our unpublished 
data). Thus, in certain organs, restrictive signals mediated at least by p38 a / b  signal-
ing can prevent occult DTCs from expanding. 

 In the search for signaling mediators that play a role in dormancy of DTCs in the 
BM, transforming growth factor-beta (TGF b ), a cytokine rich in the BM microenvi-
ronment  [  36–  39  ] , has emerged as a potential factor. Although tumors have been 
shown to depend on TGF b  to metastasize  [  40,   41  ] , this ligand, depending on the 
degree of progression of tumors, can also be a potent inhibitor of epithelial tumor 
cell proliferation  [  42,   43  ] . TGF b  is also required to maintain the quiescence of stem 
cells and progenitors in the BM  [  36–  39  ] . Thus, some tumors may remain sensitive 
to TGF b  growth inhibition in microenvironments where this factor is present (i.e., 
BM)  [  44  ] . In early-stage melanoma, TGF b  is anti-proliferative, thus functioning as 
a tumor-suppressor, but in advanced melanoma it is pro-invasive  [  45–  47  ] . How 
these two opposing scenarios develop is not entirely clear  [  45,   48  ] . Furthermore, 
there is clinical evidence of early spread of uveal melanoma and, in a smaller pro-
portion of patients, cutaneous melanoma thinner than 0.76 mm in depth  [  49–  51  ] . It 
is possible that, similar to early dissemination in breast cancer  [  10  ] , melanoma may 
spread before the conversion from TGF b -inhibitory phenotype to pro-invasive 
behavior is activated, and when single cells arrive at distant sites, such as the liver 
or BM  [  9  ] , they may remain in cell cycle arrest for prolonged periods due to high 
levels of and/or high responsiveness to TGF b .  

   ER-Stress Signaling Pathways Contribute to Growth Arrest 
and Survival Programs During Tumor Cell Dormancy 

 While exploring the mechanisms that drive quiescence and survival of dormant 
HEp3 cells, the Aguirre-Ghiso lab discovered that HEp3 cells display a high ERK1/2 
to p38 a / b  signaling ratio that favors proliferation in vivo  [  52–  54  ] . The reprogram-
ming of cells into dormancy (D-HEp3 cells) results in a reversion of this ratio, and 
now p38 signaling predominates over ERK. In addition, p38 appears to activate a 
negative feedback loop  [  28,   55,   56  ] . Using proteomics and microarray studies, the 
same group revealed that D-HEp3 cells develop an UPR characterized by enhanced 
endoplasmic reticulum (ER) signaling (see Fig.  5.1 ). In fact, all three arms of the 
UPR—ATF6 a , IRE1 a , and PERK—are activated in these cells  [  30,   31,   57,   58  ] . 
These studies led to the discovery that, in addition to inducing growth arrest, dor-
mant cells utilized these signals to robustly withstand stress insults and survive 
in vivo for months. Among the three ER transmembrane signaling molecules, only 
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PERK was found to contribute to the quiescence of D-HEp3 cells  [  30,   31,   57,   58  ] . 
It did so by attenuating translation initiation, which resulted in the downregulation 
of cyclin D1/D3 and CDK4 in these cells  [  30  ] . In fact, inducible activation of PERK 
signaling using a dimerizable Fv2E-PERK fusion protein and the divalent ligand 
AP20187 was suf fi cient to fully abrogate tumorigenicity and induce growth arrest, 
in some cases irreversibly  [  30  ] . PERK also contributes survival signals for D-HEp3 
cells. In fact, inhibition of PERK made these cells susceptible to both glucose depri-
vation and chemotherapeutic drug-induced killing (see Fig.  5.1 )  [  30,   31  ] . 

 The other arms of the ER-stress pathways, ATF6 a  and IRE1 a , were also found 
to regulate tumor cell dormancy by promoting survival and adaptation to the in vivo 
microenvironment  [  57  ] . RNA interference (RNAi)-mediated targeting of ATF6 a  
caused a decrease in the number of viable D-HEp3 cells in vivo without interrupting 
their dormancy  [  57  ] . RNAi targeting of XBP-1, a transcription factor (TF) that is 
exclusively activated by IRE1 a  through noncanonical splicing, also induced dor-
mant D-HEp3 cell killing  [  57  ]  (and unpublished results). Neither RNAi to ATF6 a  
or XBP-1 affected the tumorigenicity of T-HEp3 cells. Thus, the survival capacity 
of these genes seems to operate primarily in the cells that enter quiescence and not 
in the proliferative counterpart (see Fig.  5.1 ). 

 The mechanism of survival for ATF6 a  has also been explored in more detail. It 
has been shown the basal survival capacity of D-HEp3 cells to adapt and enter dor-
mancy in vivo is not mediated by classical target genes regulated by ATF6 a  during 
the UPR, including genes for the chaperone BiP/Grp78, secretogranin II, and a glu-
cose transporter  [  57  ] . We found that ATF6 a  induced Rheb, a small GTPase of the 
Ras family that directly activates the survival protein mTOR. Indeed, analysis of the 
mechanisms revealed that p38-dependent activation of ATF6 a  results in Rheb 
induction and stronger activation of mTOR → P-S6K → P-S6 signaling  [  57  ] . This 
pathway confers only dormant cells with resistance to rapamycin, as RNAi targeting 
of Rheb or ATF6 restored sensitivity to the mTOR inhibitor. Most importantly, dor-
mant D-HEp3 cells can no longer adapt to the in vivo microenvironment and die at 
least in part through a caspase-3–dependent apoptotic pathway (see Fig.  5.1 )  [  57  ] . 

 Moreover, p38 also induced the expression of the chaperone BiP/Grp78 (see 
Fig.  5.1 ). This chaperone is induced during ER-stress and is an essential survival 
factor as it is a primary regulator of protein folding in the ER lumen. Numerous 
studies have shown that BiP serves as a survival factor not only in response to 
ER-stress but also to other damaging agents, such as chemotherapeutic drugs  [  31  ] . 
The upregulation of BiP in dormant HEp3 cells and its induction by p38 suggests 
that p38 signaling, like ATF6 activation, could tap into BiP function to provide sur-
vival signals  [  31  ] . However, as mentioned above, BiP did not provide a survival 
advantage for basal in vivo adaptation  [  57  ] , which raises the possibility that BiP 
may only protect dormant cells under extreme damaging conditions such as those 
encountered during chemotherapy  [  31  ] . In fact, it has been demonstrated that dor-
mant D-HEp3 cells were inherently resistant to chemotherapy compared with their 
tumorigenic counterpart, and that this was not due to enhanced expression of ATP-
binding cassette transporters  [  31  ] . Furthermore, RNAi targeting of BiP greatly sen-
sitized dormant D-HEp3 cells to etoposide and doxorubicin treatment. In contrast, 
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the lower levels of BiP in the T-HEp3 cells, when further decreased by RNAi, had 
no effect on the sensitivity of these cells to chemotherapy. Analysis of the mecha-
nism revealed that BiP inhibited the activation of the pro-apoptotic factor Bax  [  31  ] . 
Recent follow-up on our studies by other investigators revealed that in fact BiP 
inhibits Bax by regulating its inhibitor Bik (see Fig.  5.1 )  [  59  ] . 

 These studies highlight a mostly overlooked aspect of dormancy: cells, from 
either early primary lesions or more advanced tumors, must survive for prolonged 
periods before resuming growth. Our results suggest that there may be mechanisms 
that selectively protect quiescent cells from a hostile microenvironment or from 
stress imposed by the therapies used to treat different cancers. This may be an evo-
lutionary conserved response to stress. For example, organisms like  Caenorhabditis 
elegans  are able to pause development and enter a dormant dauer stage in response 
to nutritional stress or oxidative stress derived from the environment  [  1,   60–  62  ] . 
Numerous studies in yeast also suggest that stress signaling and induction of quies-
cent growth are coupled with the induction of survival pathways that protect the 
organism from stress conditions during growth arrest  [  63  ] . This prompts the ques-
tion of whether these mechanisms are active in DTCs in patients and whether they 
can be exploited therapeutically.  

   Autophagy and Survival of Residual Disease 

 With increasing scrutiny on how fundamental cellular stress-response pathways 
impact survival and expansion of dormant tumor cells, autophagy has emerged as an 
attractive target against dormant tumor cells (see Fig.  5.2 ). Importantly, multiple 
routes of autophagic degradation exist within cells, including: (1) macroautophagy, 
in which cytoplasmic contents are sequestered in double membrane autophago-
somes and subsequently delivered to the lysosome; (2) microautophagy, where 
cytoplasm is directly engulfed by the lysosomal membrane; and (3) chaperone-
mediated autophagy, where proteins with a speci fi c signal sequence are transported 
to the lysosomal lumen by a receptor-mediated process  [  64  ] . Of these routes, mac-
roautophagy (hereafter called autophagy) has been most extensively studied for its 
potential functions in cancer. Macroautophagy is tightly regulated by a limited num-
ber of highly conserved genes called  ATG s ( A u T ophaGy-related genes), which were 
originally identi fi ed in yeast  [  65  ] . These landmark studies have led to numerous 
recent breakthroughs in mammals, demonstrating a critical role for autophagy in 
both physiological and pathological processes, including cancer initiation and pro-
gression  [  64  ] . 

 The bulk degradation of cellular material through autophagy allows cells to recy-
cle both nutrients and energy during starvation and stress; in this regard, autophagy 
is proposed to function as a  fi tness mechanism that allows tumor cells to survive 
provided the offending stressor is removed in a timely manner  [  66,   67  ] . This indis-
pensable contribution of autophagy as a stress-response mechanism is poignantly 
illustrated by studies in mice, in which the genetic deletion of critical  ATG s results 
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in neonatal lethality within a day of birth  [  68,   69  ] . A potential role for autophagy in 
dormancy was originally broached in  C. elegans  during dauer diapause, a stress-
induced, dormancy-like state that occurs when larvae are exposed to hostile envi-
ronments  [  70  ] . Notably, in this model, defective autophagy (achieved via RNAi 
against multiple  ATG s) potently compromised survival during dauer, implying a 
conserved mechanism by which autophagy promotes survival during quiescent 
states  [  70  ] . Since autophagy is activated in response to various microenvironmental 
stresses implicated in tumor dormancy, including the UPR (ER-stress), hypoxia, 
and ECM detachment, an important outstanding issue is how autophagy impacts the 
survival, as well as the maintenance of the quiescent state, in dormant tumor cells. 

 Studies in breast cancer models suggest that decreased mitogenic signaling result-
ing from impaired integrin and growth factor signaling facilitates tumor dormancy 
 [  71,   72  ] . Speci fi cally, suppression of β1-integrin signaling induces dormancy in the 
MMTV-PyMT model of breast cancer and squamous carcinoma  [  28,   72  ] . Thus, it is 
possible that, because DTCs cannot ef fi ciently engage a foreign ECM, impaired inte-
grin signaling may stimulate autophagy for survival and maintenance of the dormant 
state. Consistent with this hypothesis, β1-integrin signaling blockade is a potent 
inducer of autophagy in ECM-detached cells, and autophagy protects cells from 
detachment-induced apoptosis (anoikis) (see Fig.  5.2 )  [  73  ] . Moreover, autophagy 
may contribute to the ability of solitary dormant cells to resist extrinsic apoptotic 
stimuli. In breast cancer metastases to bone, where DTCs remain dormant in the BM 
for extended periods of time, the tissue necrosis factor (TNF) ligand TRAIL is abun-
dantly expressed in the BM microenvironment and can kill tumor cells; nonetheless, 
mechanisms involving Src-mediated TRAIL resistance promote the survival of indo-
lent cells in the BM  [  74  ] . Because autophagy can protect cells from TRAIL-induced 
apoptosis, one can speculate that autophagy may similarly promote the survival of 
dormant cells in the BM  [  75,   76  ] . Interestingly, we found that D-HEp3 cells have 
constitutively higher levels of autophagy, as measured by green  fl uorescence protein-
tagged LC3 and endogenous LC3 incorporation into autophagosomes, as well as 
elevated expression of speci fi c autophagy-regulating genes including  ATG6 ,  ATG7 , 
and  ATG8  (unpublished results). Our ongoing studies also reveal that ATF6, but not 
PERK, is responsible for LC3 processing into autophagosomes. 

 Recently, autophagy has been shown to be crucial for the survival of dormant cells 
in models of ovarian cancer and gastrointestinal stromal tumor (GIST)  [  77,   78  ] . The 
tumor suppressor aplasia Ras homolog member I ( ARHI ) is downregulated in over 
60% of ovarian cancers and the re-expression of  ARHI  in a variety of human ovarian 
cancer cell lines induces autophagy (see Fig.  5.2 ). In xenograft ovarian tumors,  ARHI  
overexpression promotes the formation of dormant tumors, which correlates with an 
increased level of autophagosome formation; accordingly, when  ARHI  expression is 
subsequently reduced, the tumor regains proliferative potential and rapidly re-grows. 
However, upon treatment of  ARHI -induced dormant tumors with the lysosomal 
inhibitor chloroquine, this regrowth is dramatically reduced, suggesting that 
autophagy contributes to survival during  ARHI -induced dormancy  [  77  ] . 

 Another demonstration of autophagy as a survival pathway in quiescent cells 
comes from studies of GIST, the  fi rst solid tumor to be treated successfully with the 
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small-molecule tyrosine kinase inhibitor imatinib mesylate (Gleevec) (see Fig.  5.2 ) 
 [  78  ] . However, less than 5% of GISTs regress signi fi cantly upon Gleevec treatment; 
rather, in the vast majority of patients, tumor cells inde fi nitely remain in a dormant, 
quiescent state in the presence of imatinib. Recent work indicates that this dormant 
state, termed stable disease, is closely associated with the induction of autophagy in 
response to imatinib. Upon inhibiting autophagy using RNAi-mediated  ATG  deple-
tion or antimalarials, such as hydroxychloroquine and quinacrine, GIST cells 
undergo high levels of apoptosis both in vitro and in vivo. Thus, autophagy appears 
critical for the establishment of a dormant state in which GIST cells can survive 
inde fi nitely  [  78  ] . Moreover, these results in GIST broach the exciting idea that 
autophagy can be more widely exploited to kill or prevent the expansion of quies-
cent or dormant cancer cells, which are notorious for their resistance to both con-
ventional and targeted therapies  [  79  ] . 

 Tumor dormancy is also postulated to be a stress-management mechanism 
adopted by DTCs to cope with an unfavorable microenvironment by completely 
withdrawing from the cell cycle  [  1  ] . p27 Kip1 , the cyclin-dependent kinase inhibitor 
involved in G 

0
 /G 

1
  cell cycle arrest, was identi fi ed as a downstream target of the 

energy-sensing LKB1-AMPK pathway, as well as shown to induce autophagy and 
facilitate cell survival in response to growth factor withdrawal and metabolic stress 
(see Fig.  5.2 )  [  80  ] . Thus, DTCs may depend on p27-mediated autophagy to survive 
in an inhospitable microenvironment and to resist chemotherapy. HEp3 cells in 
which p38 signaling induces dormancy also have induced strong expression of p27 
during their prolonged dormancy, further supporting this notion  [  26  ] . However, the 
exact biological role for autophagy during quiescence remains largely unknown; if 
autophagy promotes growth suppression in quiescent cells, one can alternatively 
hypothesize that it may limit the outgrowth of dormant cells into frank macrometas-
tases. These questions are important, and it will be critical to determine whether 
autophagy plays a quiescence or survival-inducing role (or both) in quiescent DTCs. 
If autophagy induces a pro-survival state then strategies to block it could eradicate 
DTCs. In the case that it contributes to both quiescence and survival, then more 
detailed mechanistic analysis of these pathways will be required to reveal ways to 
block only the survival signals without interrupting quiescence. 

 Overall, these results motivate future work, especially those using in vivo pre-
clinical models, to assess how autophagy in fl uences the quiescence and/or survival 
and biological behavior of dormant breast cancer cells, and speci fi cally whether 
autophagy inhibition can be exploited to prevent the development of macrometasta-
ses in cancer patients.  

   Concluding Remarks 

 Our knowledge on how the biology and genetics of DTCs in fl uence dormancy and 
progression of metastasis remains limited. Many open questions still exist, which 
will likely become central themes in the future. For example, how is DTC fate 
affected by the primary tumor microenvironment, how do therapies applied to 
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patients affect DTCs, and how do the target organs condition these responses? 
If DTCs are indeed the “seeds” of metastases, it will be imperative to directly inves-
tigate these questions by analyzing DTCs from patients. Importantly, an analysis of 
DTCs that survive therapy of the primary tumor will inform us on how these treat-
ments, as well as target organs, impact adaptation and/or selection of subsequent 
recurrent metastatic disease. For example, the demonstration that DTCs undergo 
autophagy or tap into UPR survival signals to survive and persist for prolonged 
periods will be a promising  fi nding that will motivate clinical trials targeting speci fi c 
components of the autophagy or UPR machinery to eradicate these cells (i.e., main-
tenance therapy). Studies on dormancy may also yield information on how to main-
tain signals that propel quiescence, such as a combination of MEK inhibitors and 
agonists that mimic p38 a / b  activation. A deeper understanding of the signals that 
maintain dormancy may lead to the identi fi cation of drugs that should be avoided in 
patients because of their potential to break this state, and thus, enhance disease pro-
gression. Although the study of DTCs and dormant disease is dif fi cult, unraveling 
the inherent complexity of this poorly understood step of metastasis biology should 
profoundly impact cancer patients.      
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