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Abstract Tumor dormancy is a poorly understood phenom-
enon conceptualized as a protracted quiescent state during
which cancer cells are present but clinical disease is not
apparent, a condition referred to as “cancer without disease”
by Folkman. Examples include the incidental detection of
occult in situ tumors in post-mortem organ analysis and
cancer recurrence after long disease-free periods. Lack of
angiogenic competency has been proposed as a major de-
terminant of the fate of dormant tumors. Other proposed
processes include establishment of homeostatic equilibrium
between tumor cells and the host’s immune system response
and a non-permissive microenvironment for tumor growth.
Recent cellular and molecular studies suggest that neuroen-
docrine mediators regulate the biology of tumor progression
and act as endogenous modulators of angiogenesis, inflam-
mation, and other molecular processes involved in tumor
reactivation from dormancy. We review experimental and

clinical evidence and propose that neuroendocrine dynamics
of the sympathetic nervous system and the hypothalamic–
pituitary–adrenal axis might contribute to the loss of tumor
dormancy.
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1 Perspective

Recent research on cancer dormancy and recurrence has
seen the convergence of two of Rudolf Virchow’s most
enduring scientific contributions: the link between inflam-
mation and cancer and the role of socio-environmental
factors in the alteration of disease risks. The molecular
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dynamics connecting psychosocial factors and neuroendo-
crine system with the dormancy status of a tumor begin to
map the mechanisms of the relationship that Virchow pio-
neered more than 150 years ago.

2 The neuroendocrine/tumor dormancy hypothesis

Cancers have long been known to have the capacity to
enter a state of dormancy in which they cease growth
and disease progression but do not die or regress. Dor-
mant tumors retain the capacity to reactivate (escape
from dormancy) and resume active growth and progres-
sion and thus remain a significant health threat. How-
ever, the general physiologic factors that influence a
tumor’s entry into and exit from dormancy remain poor-
ly understood. A growing body of research has begun
to identify some of the specific molecular processes
involved in the establishment and escape from tumor
dormancy. Remarkably, a separate body of cancer re-
search has begun to show that many of the same mo-
lecular dynamics involved in tumor dormancy are
subject to regulation by the neural and endocrine sys-
tems. The goal of this review is to highlight that mo-
lecular intersection (Fig. 1a–c) and prompt new research
to join these two literatures and test the hypothesis that
neural and endocrine dynamics represent key general
physiologic conditions that modulate tumor dormancy
and thus direct the fate of clinically occult cancers.

3 Tumor dormancy: cancer without disease

Tumor dormancy reflects a period of arrested tumor growth
that can be categorized based on the underlying cellular mech-
anisms. “Tumor mass dormancy” occurs in a population of
cells undergoing indolent proliferation but not expanding in
mass because the process is offset by a concomitant rate of cell
death [1]. This dormant state has been hypothesized to stem
from lack of adequate vascularization and immune system
control activity, among other processes. “Tumor cell dorman-
cy” refers to cancer cells in a state of cell growth arrest
resulting from microenvironment signals unfavorable to tu-
mor cell proliferation [1]. Both tumor mass dormancy and
tumor cell dormancy may be reversed when microenviron-
mental conditions shift to support tumor expansion.

Experimental and clinical evidence suggest that adverse
social and environmental factors can stimulate biological
processes that support tumor progression, such as chronic
inflammation and angiogenesis, and impair several aspects
of the antitumor immune response. In particular, stress,
depression, and other negative psychosocial and behavioral
conditions may affect immunosurveillance [2, 3], alter the
tumor stroma microenvironment [4–11], and cause inflam-
mation [12, 13] through modulation of the sympathetic
nervous system (SNS) and the hypothalamic–pituitary–ad-
renal gland (HPA) axis. These same biological processes
have also been shown to influence dormancy dynamics. As
outlined below, neural and endocrine modulation of cancer-
related processes, such as p53 dysregulation, increased ex-
pression of vascular endothelial growth factor (VEGF) and
pro-inflammatory cytokines, such as IL-6 and IL-8, en-
hanced production of matrix metalloproteinases (MMPs),
macrophage recruitment, and resistance to anoikis, may
directly impact the dormancy status of in situ tumors and
metastatic sites. Neuroendocrine promotion of an environ-
ment supportive of angiogenesis, inflammation, tissue inva-
sion, and impaired antitumor immune responses causes
modulation of the heterotypic interactions between malignant
and non-mutated cells such as endothelial cells, fibroblasts,
and leukocytes which promote tumor cells’ escape from dor-
mancy (Fig. 2). As a result, stress-induced neuroendocrine
activation may hasten the progression of in situ primary
lesions to clinically relevant cancers (Fig. 3). Similarly, neu-
roendocrine signaling pathways may affect the dormancy of
disseminated tumor cells and of silent micrometastases, thus
contributing to cancer recurrence (Fig. 4).

3.1 Primary in situ dormant tumor

Small in situ tumors are often identified in autopsies of
individuals who die from non-cancer causes. For example,
microscopic breast tumors were found in 39 % of women
autopsied between the ages of 40 and 50 years old, although

Fig. 1 a–c Conceptual model. Activation of the neuroendocrine sys-
tem can affect molecular processes crucial for tumor development and
progression; the same processes are involved in the modulation and
control of tumor dormancy
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the clinical incidence of breast cancer in women in the same
age range is only 1 % [14, 15]. Similar data have been found
for other types of cancer [16–18] indicating a higher fre-
quency of silent tumors compared to the prevalence of the
overt cancers. These small tumors can persist as microscopic
lesions without detection or clinical manifestation, a condi-
tion referred to as “cancer without disease” by Folkman
[19]. As physiologic conditions change, these tumors may
move from a dormant state to become progressive invasive
cancers (i.e., reactivation from dormancy).

3.2 Dormant metastasis

Cancer recurrence may occur years or decades after surgical
excision and treatment of the primary tumor. Persistent
minimal residual disease occurs for most types of cancer

[1] and vital organ failure due to metastases represents the
main cause of cancer death. This nonrandom and predictable
tumor colonization of distant tissues and organs is mediated
by disseminated tumor cells (DTCs). Bone marrow consti-
tutes a common homing site and reservoir of DTCs origi-
nating from various epithelial tumors. Clinical detection and
molecular characterization of DTCs or peripheral blood
circulating tumor cells (CTCs) may constitute unique prog-
nostic factors for follow-up risk assessment and therapy
monitoring [20]. An extensive pooled analysis of 4,703
breast cancer patients from eight large studies found that
the presence of DTCs in bone marrow at the time of cancer
diagnosis was associated with poor prognosis and survival
[21]. In addition, a European study showed that persistent
bone marrow DTCs during postoperative clinical follow-up
constituted an independent prognostic factor for breast

Fig. 2 Neuroendocrine
influences on tumor dormancy.
Psychosocial and/or
environmental stressors may
trigger activation of the
neuroendocrine system
initiating a cascade of
neuroendocrine mediators that
can affect the
microenvironment of
preexisting in situ dormant
lesions, enhancing
inflammatory states and
interfering with the immune
response. Ultimately, these
processes may lead to
angiogenic switch, tumor cells
overcoming immune control,
and escape from dormancy.
Affective states may also result
in the activation of crucial
signaling pathways in tumor
cells and the microenvironment
of dormant metastases, altering
their biology and leading to
patient clinical relapse
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cancer recurrence and poor survival [22]. Results from
meta-analyses of patients with colorectal or melanoma can-
cer revealed a clinically prognostic significance for CTCs
[23, 24]. CTCs have been found in patients up to 22 years
postsurgical removal of primary breast tumor [25]. This lag
time does not reflect the primary growth kinetics of the
tumor cell population, thus it is reasonable to hypothesize
that sustained shedding of CTCs (which themselves survive
for only hours in circulation [25]) reflects ongoing shedding
from a clinically dormant population of DTCs. Accumulat-
ing molecular and clinical evidence supports a new concep-
tualization of the metastatic process in which metastases of
early disseminated, primordial cancer cells are seeded in

parallel with primary tumor progression [26]. Eyles [27]
has proposed that this early tumor cell migration and dis-
semination is necessary to accommodate cell–cell competi-
tion for space and nutrients. In this context, dormancy of
disseminated cancer cells might exemplify a potential ther-
apeutic target to control disease course and the patient’s
subsequent fate (i.e., morbidity and survival).

3.3 Framing tumor dormancy in the context of the tumor
microenvironment

The traditional view of carcinogenesis as a phenomenon that
occurs at the subcellular level is evolving and cancer is now

TTumor Mass
Dormancy

Tumor 
Progression

SNS

VEGF, IL-6, MMPs, IL-8

Angiogenic Sw i t c h

Tumor cell

Stromal cell

SNS

ADRB2
(STAT -3, CREB)

ADRB2
(FAK)

Anoikis

Tumor Cell Migration
And Dissemination

SNS

TAMs

Fig. 3 Mechanistic model.
Neuroendocrine influences on
tumor mass dormancy. Social
environmental influences can
cause activation of the
sympathetic nervous system
which, in turn, can affect tumor
mass dormancy and hasten the
progression of in situ lesions to
clinically relevant cancers. See
text for detailed explanation.
ADRB2 β2-adrenergic
receptors; STAT-3 signal
transducer and activator of
transcription-3; CREB cAMP
response element-binding pro-
tein; TAMs tumor-associated
macrophages
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recognized as the product of reciprocal interactions between
tumor cells and the surrounding microenvironment, which
includes fibroblasts, vascular endothelial, fat, immune and
inflammatory and nerve cells. Tissue organization and
tumor cell–microenvironment–host reciprocal interactions
play fundamental roles in the process. Disruption of the
microarchitecture that underlines a three-dimensional tissue
structure and that defines the relationships among the tissue
heterotypic cells constitutes a salient feature of carcinogen-
esis [28]. In close analogy with morphogen gradient sculpt-
ing and organizing activities of embryonic tissues,
morphostatic fields regulate and control proliferation and
apoptosis of tissues’ target cells; physiological morphostatic
signaling pathways may curb the expression of malignant
phenotypes that would otherwise unfold in tumor-
supportive microenvironments [28]. Conceivably, this

crosstalk communication between cancer cells and their
surrounding microenvironment may help restrain the malig-
nant potential of disseminated tumor cells, keeping them in
a dormant state.

Cells communicate with their microenvironment through
interactions of signaling pathways with the extracellular
matrix mediated by junctional and adhesion molecules. Act-
ing as matrix receptors, integrins are signal transducer pro-
teins that orchestrate multiple cellular processes (e.g., the
coordinated organization of tissue structures) during mor-
phogenesis and that are cardinal for cancer progression. In
particular, β1-integrin exemplifies a key regulator function
in the transition from cellular quiescence to active prolifer-
ation and this property may derive, at least in part, from
integrin modulation of tissues’ structural homeostasis. Bis-
sell and colleagues, using a three-dimensional basement
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mTOR, metastasis suppressor genes, T 
cell-mediated immunity 
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Fig. 4 Mechanistic model.
Neuroendocrine influences on
tumor cell dormancy. Stress-
induced neuroendocrine signal-
ing, through activation of the
sympathetic nervous system,
can affect the dormancy of dis-
seminated tumor cells and of
silent micrometastases, contrib-
uting to cancer recurrence. See
text for detailed explanation.
AP-1 activator protein-1
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membrane in vitro and an in vivo models, demonstrated that
inhibition of β1-integrin function reverted the malignant
behavior of mammary cancer cells and induced cellular
quiescence [29]. Removal of the inhibition rescued the
malignant phenotype pointing out the reversibility of the
phenomenon and supporting the thesis that stabilizing
(preserving) homeostatic and architectural structure of a
tissue may cause a cellular phenotype to prevail over the
malignant genotype [29] in contrast with the somatic muta-
tion theory of cancer [30]. Several other studies [31–36]
provided further evidence that β1-integrin and its signaling
pathways encompassing Src and focal adhesion kinase
(FAK), by regulating cells’ proliferative behavior, can
dictate tumor fate, and inhibition of the β1-integrin-
FAK signaling axis may retain cancer cells in a dor-
mant state. As outlined later, Src activation and FAK
phosphorylation fall under the regulation of stress-mediated
neuroendocrine activation of β2-adrenoreceptors with in-
creased neural activation augmenting FAK phosphorylation,
emphasizing the striking network of mechanistic relationships
existing between tumor dormancy and neuroendocrine
regulation.

Additionally, the microenvironment may dictate the tran-
sition from dormancy to active proliferation through the
miscellaneous actions of MMPs, a family of proteases with
extracellular matrix (ECM) degrading properties that are
mainly secreted by stromal cells such as vascular endothelial
cells, pericytes, fibroblasts, macrophages, and other inflam-
matory cells [37]. In addition to their actions on the ECM,
MMPs proteolytically cleave several non-matrix substrates
including precursors of biologically active fragments [38].
For example MMP-9, by cleaving the heparin-binding
domains of VEGF165 and VEGF121, enhances the bioavail-
ability of these factors in the tumor microenvironment thus
potentially intensifying the chances to activate the angio-
genic switch necessary for the shift of dormant tumors to an
active state [37]. MMPs may also cause the release from the
ECM of angiostatic factors such as endostatin [39] and
angiostatin [40] further adding to the complexity of the
system. As noted earlier, MMPs are produced by several
microenvironment components including tumor-associated
macrophages (TAMs). Besides the production of MMPs,
TAMs support tumorigenesis through plentiful actions di-
rected to several cells that populate the tumor microenviron-
ment resulting in the promotion of tumor angiogenesis,
cancer cell survival, proliferation and invasion, and sup-
pression of adaptive immune responses. A recent inves-
tigation [41] demonstrated that the extent of TAM
infiltration and expression of pro-metastatic genes such
as Mmp9, Vegf, Cox2, and Tgfb falls under the control
of stress-associated SNS activation. In the same study,
TAMs were shown to mediate tumor cell metastatic
seeding and colonization [41].

3.4 Mechanisms of cancer dormancy

Folkman and colleagues [42–44] identified the switch from
a phenotype unable to recruit new vasculature to an angio-
genic phenotype as one of the principal molecular regulators
of escape from tumor dormancy. Angiogenic proteins (e.g.,
VEGF, basic fibroblast growth factor), as well as
angiogenesis-related proteins (e.g., ras, c-Myc, and p53),
are involved in the process [45]. Additional “niche” mech-
anisms of dormancy may also exist. For example, an Italian
study [46] posits that the microenvironment crosstalk be-
tween tumor and vascular endothelial cells, through Notch-
Dll4 interactions and activation of the NF-κB pathway,
deliver survival signals that trigger the escape of leukemia
and colorectal cancer cells from dormancy. This investiga-
tion supports the existence of a vascular niche that embeds
dormant cancer cells and elicits tumor-promoting activities
[47]. Bidirectional signaling with the niches they inhabit
may determine the fate of dormant cells, stressing the im-
portance of microenvironmental control over the release of
tumor cells from dormancy. Using an artificial liver metas-
tasis model [48], Guba proposed that the presence of a
primary tumor might halt the metastatic progression of
solitary disseminated tumor cells by forcing them to enter
into a state of dormancy at an early stage, before angiogenesis
takes control and causes them to advance to macroscopic
lesions.

Several studies highlighted a role for p53 in tumor dor-
mancy through the modulation of angiogenesis. Holmgren
et al. [49] showed that p53 gene therapy altered the angio-
genic potential of a tumor and induced a state of dormancy
in a mouse fibrosarcoma model, independent of p53’s direct
effects on cell cycle and apoptosis. The MAP kinase p38 is a
stress-activated kinase involved in tumor cell dormancy; in a
recent study [50], p53 transcriptional regulation was found
to be important for p-38-induced cellular quiescence.

“Oncogene addiction” refers to the dependency of specific
activated or overexpressed oncogenes for the maintenance of
cancer cells’ malignant phenotype [51]. Fluctuations in onco-
gene expression have been implicated in tumor dormancy.
The ErbB2 (Her2) receptor is involved in the induction of
several cancers and its upregulation correlates with poor prog-
nosis in breast cancer patients [52]. Conditional activation of
the ErbB2 rat homologue NEU in transgenic mice induces the
development of invasive mammary adenocarcinoma while its
downregulation causes the disappearance of all primary and
secondary tumors [53], showing cancer cells’ dependency on
the continued expression of the oncogene. However, after
regression of the tumors following abrogation of NEU expres-
sion, most of the animals harbored residual cancer cells that
ultimately generated NEU-independent tumors [53]. Ursini-
Siegel et al. argued that these recurrent tumors may derive
from the reactivation of dormant tumor cells within the
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primary tumor [52] that may have become sensitive to a
different addictive pathway than NEU [54].

In a conditional transgenic mice model, the inactivation of
the oncogene MYC caused liver tumor regression, tumor cell
differentiation, and reversion to a dormant state [55]. Hepato-
cellular carcinoma cells were induced to differentiate into liver
cells, causing tumor cell proliferation to arrest while retaining
latent tumorigenic potential upon MYC reactivation. These
findings support the existence of a link between tumor dorman-
cy and epigenetic reprogramming associated with tumor cell
differentiation and suggest that dormancy may involve differ-
entiation of the transformed cells rather than only mere prolif-
eration arrest. Shachaf and Felsher [56] proposed that MYC
inactivation in hepatocellular carcinoma cells and their subse-
quent differentiation uncovers stem cell properties in liver
tumor cells due to their ability to reemerge from dormancy
and regain neoplastic proprieties uponMYC reactivation. Pont-
ier and Muller postulated that single dormant cells may be
derived from migrating cancer stem cells and that migration
outside their niche requires integrin involvement, particularly
α5β1 integrin heterodimer formation [57]. The extracellular
matrix may in fact dictate the fate of incipient dormant cancer
cells by regulating the switch from quiescence to proliferation.
Barkan et al. showed that the transition from dormancy to
proliferation involved fibronectin-driven cytoskeletal architec-
ture reorganization and actin stress fiber formation through the
engagement of integrin β1 [33]. Furthermore, enrichment in
type I collagen and the associated fibrosis induction may pro-
vide a fertile soil for the switch from dormancy to active
proliferation [34]. The functional role of integrins and fibronec-
tin in the regulation of tumor dormancy was previously high-
lighted through pioneering studies of Aguirre-Ghiso [58].
These investigations demonstrated that high levels of uPAR/
α5β1-integrin association, through fibronectin production, p38
activity suppression, and subsequent imbalance between ERK
and p38, triggered head and neck carcinoma cells to escape
from dormancy. Subsequent studies [59] identified a pivotal
role for the transcription factor ATF6α as a survival element
allowing dormant cancer cells to endure adverse microenvir-
onmental conditions and nutritional or chemotherapy-induced
stress, hence identifying the ATF6α–Rheb–mTOR axis as a
determinant for the survival of dormant tumor cells [59].

The debate about the validity of the notion of host immu-
nosurveillance has recently led to the concept of immunoedit-
ing, which recognizes that the immune system contributes to
both impeding and aiding tumor progression through its
immunogenic-sculpting actions [60]. The equilibrium phase
of the cancer immunoediting process, during which host im-
munity is credited with restraining the outgrowth of occult
cancer cells, corresponds to the tumor dormancy phase, while
inhibition of T cell-mediated immunity may contribute to
escape from dormancy. Koebel et al. showed that adaptive T
cell immunity, through cytostatic and cytolytic actions, holds

highly immunogenic tumor cells in a dormant phase of dy-
namic equilibrium in mouse models of sarcoma [61]. Targeted
adaptive immunosuppression, however, can break down this
equipoise state causing the edited, immunogenic-attenuated
tumor cells to expand and grow [61]. In a transgenic melano-
mamouse model, CD8+ Tcells were required for maintenance
of the dormancy status of early disseminated tumor cells in
visceral organs [27]. Furthermore, Zhang et al. demonstrated
that adoptive CD8+ T cell transfer is able to establish a
stationary phase of equilibrium between host and cancer cells
[62]. This induction of dormancy may be the result of effector
T cell-mediated destruction of stromal myeloid-derived sup-
pressor cells with subsequent reversion of the pro-angiogenic,
inflammatory, and immunosuppressive phenotype. Kraman et
al. found that deletion of a subpopulation of stromal cells
expressing fibroblast activation protein-α caused immuno-
genic tumors to arrest growth and enter a dormant state by
allowing host immunological control of tumor growth [63].
TNF-α and IFN-γ-induced hypoxic necrosis of both cancer
and stromal cells was involved in the process.

4 Neuroendocrine regulation of molecular pathways
involved in tumor dormancy

4.1 Neuroendocrine regulation of the adaptive stress
response

Neuroendocrine and autonomic functional responses repre-
sent the essential components of the body’s adaptive mecha-
nisms to restore homeostasis after environmental and
psychosocial challenges. As an integral component of the
hormonal response to threatening stimuli, HPA axis activation
is molecularly triggered by the release of corticotrophin-
releasing hormone, along with arginin vasopressin; both of
which, in turn, stimulate the release of adrenocorticotropin
from the anterior pituitary gland. The final output of the
system is mediated by the subsequent production of glucocor-
ticoids [2, 3]. The sympathetic division of the autonomic
nervous system (sympathetic nervous system), together with
the adrenal medulla, elicits the production of epinephrine and
norepinephrine, signaling physiological adaptive changes to a
threatening situation [2, 3]. Both the HPA axis and the SNS
have been shown to modulate tumor growth and dissemina-
tion [2, 64] and many of the specific molecular mechanisms
involved in these dynamics are also hypothesized to modulate
tumor dormancy.

4.2 Neuroendocrine regulation of crosstalk
between the tumor cell and its microenvironment

Neuroendocrine dynamics can affect angiogenic, inflamma-
tory, and invasion pathways crucial for tumor development
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and progression. Norepinephrine and epinephrine can stimu-
late angiogenesis through the activation of STAT-3 [65] and
by upregulating the expression of angiogenic factors such as
VEGF, IL-6, and IL-8 [5–8]. Complementary findings have
been documented in the clinical setting. In particular, in-
creased amounts of norepinephrine were detected in the tumor
microenvironment [65, 66] of ovarian cancer patients report-
ing higher levels of chronic stress and lower social support,
while higher levels of VEGF were observed in plasma [67]
and in tumor tissues [68]. Additionally, in an orthotopicmouse
model of ovarian carcinoma [4], chronic stress upregulated
tumor cell expression of VEGF, subsequently increasing vas-
cularization and aggravating tumor burden. These effects were
mediated through SNS activation and β2 adrenergic receptor
signaling. β-adrenergic receptor activation of the cyclic 3′,5′-
adenosine monophosphate/protein kinase A (cAMP/PKA)
may regulate gene expression via phosphorylation of multiple
transcription factors and, under selected circumstances, PKA
can cross-regulate the activity of the pro-inflammatory NF-κB
[64, 66]. Implications for dormancy: Given the key role of
angiogenesis in dormancy (reviewed above), SNS-mediated
β-adrenergic signaling represents one major molecular path-
way by which the nervous system could regulate tumor dor-
mancy dynamics.

Neuroendocrine mediators also play a role in cellular
DNA repair mechanisms by impairing the ability to correct
genetic damage following stress or radiation [11, 69], alter-
ing the regulation of apoptosis mechanisms and even favor-
ing mutagenesis through reactive oxygen species-derived
damage [70]. A recent study [71] showed that catechol-
amine engagement of β2-adrenoreceptors, via β-arrestin
signaling, triggers DNA damage and promotes p53 degra-
dation, leading to compromised genome maintenance and
suggesting that stress pathways might potentially affect
cancer initiation. Feng et al. showed that chronic stress,
through glucocorticoid signaling, decreased p53 function
and promoted the growth of xenograft tumors in a mouse
model of colorectal cancer [72]. Implications for dormancy:
Given the key role of p53 in the induction of tumor dor-
mancy [49], HPA axis-induced p53 degradation constitutes
another potential pathway by which endocrine dynamics
might modulate tumor dormancy.

Growth factor signaling is also subject to regulation by
the neural and endocrine systems. Shi et al. showed that the
β2-adrenergic receptor and ErbB2 are part of a positive
feedback loop in human breast cancer cells [73]. Chronic
catecholamine stimulation induces β2-adrenoreceptor-
mediated overexpression of ErbB2, triggering strongmitogen-
ic effects; in turn, ErbB2 upregulation induces autocrine epi-
nephrine release and upregulation of β2-adrenergic receptor
[73]. Furthermore, ErbB2 overexpression activated a tran-
scriptional pro-inflammatory profile, involving IL-6 and
STAT3, required for ErbB-mediated tumorigenesis in vitro,

as well as in an in vivo mouse model of ErbB overexpression
[74]. Implications for dormancy: Given the key role of ErbB2
in tumor dormancy [52], β-adrenergic regulation of this key
growth control pathway represents yet another molecular
mechanism by which the SNS might modulate tumor
dormancy.

Anoikis represents a form of apoptosis induced by inap-
propriate cell–cell and/or cell–matrix interactions; its cir-
cumvention enhances the metastatic potential of malignant
cells [75]. Sood and colleagues demonstrated that ovarian
cancer cells in vitro and in an in vivo orthotopic mouse
model are protected from anoikis following exposure to
epinephrine or norepinephrine [76]. This effect is mediated
by FAK through involvement of β2-adrenoreceptors and
subsequent Src activation and FAK phosphorylation. Impor-
tantly, these results mirrored clinical data from ovarian
cancer patients showing positive associations between
norepinephrine, increased FAK activation, and accelerated
cancer mortality [76]. Implications for dormancy: Given the
key role of FAK in tumor dormancy [32–34], β-adrenergic
regulation of FAK and related cell survival processes repre-
sents an additional molecular mechanism by which the SNS
might modulate tumor dormancy.

MMPs are modulators of the tumor microenvironment
and represent key players in the molecular communication
between tumor and stroma. Norepinephrine and epinephrine
modulate cell migration and invasion by stimulating the
production of MMPs-2 and -9 in ovarian [9] and nasopha-
ryngeal carcinoma cancer cells [6] through involvement of
β-adrenergic receptors. In ovarian cancer patients chronic
stress, high levels of depression and low social support
correlated with elevated MMP-9 expression in tumor-
associated macrophages [68]. Implications for dormancy:
Given the key role of MMP-2 and -9 in tumor dormancy
[77, 78], β-adrenergic regulation of MMP expression rep-
resents yet another molecular mechanism by which the SNS
might modulate tumor dormancy.

Tumor dormancy may result from T cell response to the
tumor mass, and T cell inhibition may tip the balance to-
wards tumor mass escape from dormancy [79]. Neuroendo-
crine stress responses may promote tumor growth by
impairing immune cell function. Stress-signaling pathways
mediate an increase in circulating IL-6 and VEGF [5–7] and
both VEGF and IL-6 reduce T cell number and activity
[80, 81]. Additionally, stress-mediated dynamics may di-
rectly inhibit cytotoxic T lymphocyte and natural killer
cell responses [82, 83]. Implications for dormancy: To
the extent that tumor dormancy depends on the ability of
the immune system to control tumor cells [60, 61, 84],
neural and endocrine regulation of antitumor cellular
immune responses represents yet another molecular
mechanism by which the neuroendocrine system might
modulate tumor dormancy.
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5 Future directions

Converging evidence from in vitro, in vivo, and clinical
studies strongly point out a role for stress-mediated neuro-
endocrine regulation of several molecular pathways whose
dysregulation is also cardinal for the fate of dormant tumors.
At the moment, these observations exist in two separate
bodies of literature within cancer research: one connecting
neuroendocrine dynamics to cancer molecular mechanisms
and a separate literature connecting those molecular mech-
anisms to tumor dormancy. These literatures could be inte-
grated to include analyses of tumor dormancy dynamics in
the context of experimental models of neural and endocrine
regulation of tumor biology.

We suggest that the time is right to initiate a defined
research agenda to explore both cellular and tumor mass
dormancy dynamics and neuroendocrine influences on can-
cer progression in novel preclinical laboratory models, using
new and improved in vivo paradigms. This research agenda
may be initiated in the context of diseases, such as breast
cancer, in which dormancy dynamics are relatively common
and of substantial clinical significance in determining long-
term health outcomes. Breast cancer might also be a partic-
ularly appealing model because previous research provides
both observational clinical studies and preclinical experi-
mental studies supporting a significant role of neuroendo-
crine dynamics modulating overall disease progression and
dormancy-relevant molecular dynamics.

In a breast cancer mouse model, Sloan et al. [41] showed
that stress-induced neuroendocrine activation of β-
adrenergic signaling caused macrophage recruitment and a
pro-metastatic gene expression signature indicative of M2
differentiation (associated with immunoregulatory, tissue
remodeling, and tumor-promoting properties [85]). These
results, in consort with other studies showing that stress-
induced increase in tumor VEGF and angiogenesis was
halted by the β-blocker propanolol [4–6], suggest that novel
and promising experimental strategies to prevent cancer
recurrence might leverage the use of β-blockers, inexpen-
sive and well-understood drugs with minimal and easily
managed side effects. Breast cancer would be particularly
suitable to this purpose because of its late recurrence and the
presence of noninvasive or low-grade cancers that may
remain dormant for a long time. Two recent observational
studies investigated the effects of β-blockers on breast can-
cer progression and mortality [86, 87]. Both reports con-
cluded that β-blocker use was associated with reduction in
metastasis development and tumor recurrence and improved
survival. β-blocker treatment may inhibit signaling path-
ways important for tumor cell escape from dormancy, thus
reducing cancer recurrence and mortality; hence, pharmaco-
logic control of neuroendocrine activity may represent a
useful adjuvant to traditional therapy.

A growing body of research is revealing the influences of
stress-mediated neuroendocrine mediators on cancer progres-
sion and recurrence, while a similarly expanding body of
literature investigating the molecular underpinnings of tumor
dormancy is rapidly emerging. As we began to uncover the
molecular mechanisms that cause tumor escape from dorman-
cy, the general physiologic processes that promote the activa-
tion of those mechanisms remain unclear. We propose that
stress and other psychological and social conditions represent
contributing factors via their modulation of the neural and
endocrine system. This framework challenges us with inte-
grating the connections into a comprehensive cancer care
setting that would allow manipulation and control of systemic
neural and endocrine influences in order to maximally inhibit
cancer progression and disease recurrence.

6 Concluding remarks

Due to his outspoken support in favor of social reforms and
advancements in public health to improve economic and social
conditions during the nineteenth century, Rudolf Virchow is
considered the Father of Social Medicine. With his theory
tracing social influences on the origin of diseases, and the
identification of inflammation as a predisposing factor for
tumorigenesis, Virchow pioneered a paradigm shift in mecha-
nistic insights in the etiopathology of illnesses. By embracing
his view of “disease” as “an expression of individual life under
unfavorable circumstances,” we begin to disentangle the dy-
namics connecting social conditions with the recurrence of
cancer through the biological underpinning of tumor dormancy.
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