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Abstract. Substantial evidence indicates that psychological
stress can influence the incidence and progression of cancers,
and adequate psychotherapies are beneficial to cancer patients.
Recently, the mechanisms responsible for the effects of
psychological stress on cancer cells have been extensively
investigated at the systemic, biochemical and molecular levels.
Accumulating data indicate that the effects of psychological
stress on cancer cells are mainly mediated by key stress-related
mediators and their corresponding receptors in multi-fold
pathways: chronic stressors act on the paraventricular nucleus
and the suprachiasmatic nuclei. The effects are then transmitted
through the sympathetic nervous system and the hypothalamic-
pituitary-adrenal axis, amplified by the unchecked release of
stress-related mediators and altered behaviors. These mediators
act as immunosuppressors or mitogens in the tumor micro-
environment. The converging effects of psychological stress on
cancer cells finally signal through receptors of the stress media-
tors and cytokines to activate the intracellular pro-proliferative
and pro-migratory signaling pathways, and reset the molecular
clock in tumor cells. Understanding these action mechanisms
of psychological stress in promoting the growth and invasion of
cancer cells is crucial for devising effective interventions.
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1. Introduction

There is a long-standing hypothesis that psychosocial factors
can influence the incidence and progression of cancers,
and adequate psychotherapies may be beneficial to cancer
patients (1,2). Clinical and epidemiological studies have also
documented a prevalence of psychological stress among
cancer patients and the adverse effects on cancer outcomes.
However, stress-related disorders in cancer patients are not
adequately assessed nor treated due to the limited knowledge
of the psychological aspect of cancer and the ineffectiveness
of psychotherapies (3,4). Not until the recent past few years,
by using in vitro animal models and human clinical perspec-
tive study approaches, have researchers begun to uncover the
complex relationship between psychosocial stress and cancer
progression at the systemic, biochemical and molecular levels.
Accumulating data indicate that the psychological stress
caused by chronic stressors is a major risk factor for cancer
occurrence, growth and metastasis (5-8). Psychological stress
refers to the emotional and physiological reactions experi-
enced when an individual confronts a situation in which the
adaptation demands go beyond their coping resources (9). The
effects of psychological stress on cancer cells are mediated by
the same key stress-related mediators and their corresponding
receptors of stress response in multifold pathways (2,6-8).
Understanding the action mechanisms of psychosocial stress
in promoting cancer progression is crucial for devising effec-
tive interventions. In this article, we briefly review the recent
theory of the mechanisms involved from stressor to cancer
progression.

2. Chronic stressors act on the nervous system

Chronic stressors first act on the central nervous system,
especially the paraventricular nucleus (PVN) and the
suprachiasmatic nuclei (SCN), causing an automatic process
which disrupts homeostasis (2,9-12). To maintain homeostasis,
two strictly controlled information-processing cascades
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precede in similar ways to properly maintain the stress
response and to keep the central pacemaker in position: the
sympathetic nervous system (SNS)-adrenal medullary axis and
the hypothalamic-pituitary-adrenal (HPA) axis. Activation of
the SNS causes increased release of norepinephrine (NEPI)
from sympathetic nerve terminals, and NEPI and epinephrine
(EPI) from the adrenal medulla. Activation of the HPA axis
causes increased release of corticotrophin-releasing hormone
(CRH) from the PVN of the hypothalamus, resulting in
increased secretion of adrenocorticopic hormone (ACTH)
in the anterior pituitary. ACTH, in turn, stimulates secretion
of glucocorticoid (GC) hormones from the adrenal cortex.
GCs modulate the activity of the HPA axis via negative
feedback effects on glucocorticoid receptors (GRs) in the
hippocampus. However, the information-processing cascade
is out of control, and stress-related mediators can not be
supressed during psychological stress, resulting in constant
abnormalities in hormone levels and behavior (2,9,10,13).
Meanwhile, the central circadian rhythms are disrupted for
the dysfunction of the central pacemaker located in the SCN
(11,12). Circadian rhythms are 24-h oscillations in behavior
and physiology, which provide organisms a survival advantage
when confronted with cyclic changes in the environment.
Circadian rhythms are driven by an internal timing machine
— the ‘circadian clock’ operated by numerous gene products
in the central pacemaker as well as in most peripheral tissues.
Peripheral clocks exist in almost every cell type to regulate
daily changes in cell biology. To guarantee normal growth
and avoid tumor formation, the timing of cell division must
be under strict control. The central pacemaker controls
peripheral clocks mainly through the HPA axes and SNS.
GCs and melatonin (N-acetyl-5-methoxytryptamine) are in
feedback control of CRH release from SCN or HPA axes.
The function of the circadian pacemaker is disrupted due
to two major mechanisms: loss of feedback control of CRH
and up-regulation of the operating genes of the circadian
pacemaker such as gastrin-releasing peptide (GRP) and GRP
receptors (GRPRs) in SCN (Fig. 1).

3. Systemic pathways and neuroendocrine transmitters

The question of how psychological stress affects cancer cells
has intrigued both researchers and patients. Recent studies have
confirmed that the effects of psychological stress on cancer
cells are mediated by key stress hormones and their corre-
sponding receptors through similar processes observed in the
stress response (2,6-8,11-14). At least three systemic pathways
are involved (Fig. 1): the SNS and the sympathetic-adrenal
medullary axis, the HPA axis and an altered pattern of coping.
First, the sympathetic fibers that descend from the brain into
peripheral tissues can release a wide variety of neurotransmit-
ters that influence cancer growth by binding to receptors on
cancer cells. Some of the most significant neurotransmitters
recently identified by a series of studies include cortisol, EPI,
NEPI and GRP. Sympathetic signals increase the release of
EPI, NEPI and GRP from the sympathetic terminal fibers or
even tumor cells. Second, the sympathetic-adrenal-medullary
axis and the hypothalamic-pituitary-adrenal/ovarian axis can
increase the release of EPI, NEPI, cortisol, GRP, prolactin,
growth hormone, melatonin, 3-endorphin and enkephalin
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Figure 1. A schematic representation of the mechanism involved from stress
to cancer progression. Chronic stressors act on the paraventricular nucleus
(PVN) and suprachiasmatic nuclei (SCN). The effects are then transmitted
through the sympathetic nervous system (SNS) and the hypothalamic-
pituitary-adrenal (HPA) axis by checked release of stress-related mediators.
Failure in suppressing the generation of stress-related mediators and disrup-
tion of the central circadian rhythms due to repeated stress response result in
dysfunction of the endocrine, metabolic and immune systems, which conse-
quently promote the progression of cancer. AVP, arginine vasopressin; ANS,
autonomic nervous system (modified from refs. 2 and 11).

from the brain, pituitary and adrenal glands. The unchecked
release of these stress-related neurotransmitters results in their
chronic-flattened elevations in both blood and tissues. Finally,
the altered pattern of coping may have an equal importance
in linking stressors to cancer cells. The altered pattern of
coping refers to the unhealthy behavior of individuals who
suffer from psychological stress developed when coping with
an adverse situation. Commonly observed unhealthy behav-
iors include overeating, alcoholism, sleeplessness, smoking,
reduction in socialization and non-compliance to medical
treatments. Through the three main pathways and numerous
mediators, the effects of psychological stress are amplified
and transmitted as humoral and behavioral functions to the
blood, tissues and the coping mechanism.

4. Modulation of the tumor microenvironment

Changes in stress-related neuroendocrine transmitters during
psychological stress lead to a modulation of the tumor
microenvironment and immune cells. The first most important
mechanism is the modulation of the immune function against
tumor cells. Recent studies indicate that the impact of stress
on the immune response is mediated by a bidirectional signal
network between the nervous, endocrine and immune systems,
and chronic stressors are associated with suppression of both
cellular and humoral immune functions (Fig. 2) (12-16). For
example, stress hormones affect the immune function through
receptors present on immune cells, and the immune cells in
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Figure 2. The deleterious effects of psychological stress on the immune system.
Chronic-flattened elevations of glucocorticoids (GCs) and catecholamine
activate the transcription of cytokine genes in immune cells, resulting in a
shift of immune response from Thl to Th2. This impairs both humoral and
cellular immune functions against tumor cells. IL, interleukin; IFN, interferon
(modified from refs. 11 and 14).

tern modulate the activity of the hypothalamus by producing
cytokines. GRs expressed on a variety of immune cells, which
bind cortisol interfere with the function of nuclear factor-xB
(NF-xB), which regulates the activity of cytokine-producing
immune cells. Adrenergic receptors (ARs) bind EPI and
NEPI to activate the cAMP response element-binding protein
(CREB); CREB induces the transcription of genes encoding
for a variety of cytokines. Changes in gene expression result
in a shift of immune response from T-helper lymphocyte
type 1 cells (Thl) to T-helper lymphocyte type 2 cells (Th2),
which impairs the immune responses against tumor cells
(12-16). The second important mechanism is the increased
generation of mitogenic factors in the tumor microenviron-
ment. Most of the stress-related transmitters and cytokines are
also mitogenic for tumor cells and can promote the growth
and invasion in endocrine, paracrine and autocrine manners
(2,6-8,17). The third mechanism is the resettling of the tumor
cell circadian clock that, decoupled from the control of central
circadian rhythms via the effects of altered hormone levels
on tumor cells, impacts the tumor vs. host metabolism and
neuroimmune effects resulting in cancer-related immunosup-
pression (11,12).

5. Converging effects on cancer cells

The total effects of psychological stress converging on
cancer cells are mediated by more complicated processes,
and the mechanisms remain largely unknown. However, the
recognition of the direct influences of stress hormones and
GC on cancer cells may be the most important advance in
exploring the mechanisms from stressor to cancer progression.

Figure 3. Known mechanisms of stress hormones in modulating the growth
and metastatic potency of cancer cells. The mitogenic effect of stress
hormones is mediated primarily through B-adrenergic receptors (ARs), espe-
cially B2-AR. $2-AR then signals either through ‘G protein switching’ or the
G protein-independent mechanism to activate AC/cAMP/PKA, Rho/Rac, Ras/
Raf/MEK/ERK and PI3K/AKT signal pathways in cancer cells. GFs, growth
factors; TFs, transcription factors (modified from refs. 2, 11 and 19).

Using mouse model and in vitro approaches, researchers have
demonstrated that the effects of psychological stress on cancer
cells are mainly mediated by the key stress hormones (EPI
and NEPI) and B-adrenergic receptors (B-AR), especially the
B2-AR (2,7,8,17). B-AR signals can activate several common
intracellular pro-proliferative and pro-migratory signaling
pathways, such as the cyclic adenosine monophosphate (cAMP)/
protein kinase A (PKA), the mitogen-activated protein kinase
(MAPK)/extracellular signal-regulated kinase (ERK1/2) and
phosphatidylinositol-3-kinase (PI3K)/AKT (protein kinase B)
signaling pathways by (i) the ‘G protein switching” mechanism;
(ii) the homodimerization and heterodimerization mechanism;
and (iii) the MMP mechanism (18,19) (Fig. 3). Activation
of the cAMP-PKA signaling pathway is suggested to be the
central aspect of 3-AR signaling in tumor cells. Through PKA
or Epac (the exchange protein directly activated by cAMP),
cAMP can further activate small GTPases such as RhoA,
Rac, Rapl and Rap2 to activate MAPK/ERK1/2, PI3K/AKT
and Rho/Rac/Cdc42 signaling pathways (18-24). Through
homodimerization and heterodimerization with other ARs,
G-protein-coupled receptors (GPCRs) or receptor tyrosine
kinases (RTKs), B-AR signals directly activate the RTKs, or
increase in matrix metalloproteinases (MMPs), which can
release growth factors to activate the RTKs indirectly (25,26).

GCs can function in synergy with stress hormones to
promote cancer progression. Dexamethasone, prednisone
and cortisone, for example, can promote cell survival and
chemoresistance in a number of solid tumors (27,28). The
mechanism involves direct stimulation of cell growth and
survival, as well as immunosuppression (Fig. 4). GRs
are present in a number of human malignancies (29).
Activated-GR acts as a transcription factor, either through
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Figure 4. Glucocorticoids (GCs) work in synergy with stress hormones
to support cancer cell survival. Through binding to GC response elements
(GREs) and interfering with other transcription factors, GCs up-regulate
c-Myc, Bel-xL, cIAP2, SGK and B2-adrenergic receptors (ARs) in tumor
cells to promote the growth and survival of cancer cells. TFs, transcription
factors (drawn by reviewing refs. 27-35).

binding to GC response elements (GRE) in the regulatory
sequences of target genes or through cross-talk and/or
interference with other transcription factors such as activator
protein-1 (AP-1), signal transducers and activators of
transcription 5 (STATS) and NF-xB to promote the growth
and survival of cancer cells. GCs can also support growth
and metastasis of cancer cells through the up-regulation
of proto-oncogene c-Myc, anti-apoptotic protein Bcl-xL,
cytosolic caspase inhibitor cIAP2 and p2-AR (30-32).
Activity of NF-xB has been shown to play an important role
in preventing apoptosis of cancer cells. Activation of NF-xB
requires activation of the IxB (inhibitor of NF-kB) kinase-f3
(IKK-P). IKK-f activation is preceded by phosphorylation by
upstream kinases such as mitogen-activated protein kinase
kinase-1 (MAPKKI1 or MEKI), NF-kB-inducing kinase,
protein kinase C (PKC) and PI3K. GCs can also activate the
IKK-NF-kB signal pathway by activation of the serum- and
glucocorticoid-regulated kinase-1 (SGK1) and inactivation of
the forkhead transcription factor 3a (FOXO3a) (33-35).

The changed tumor microenvironment also impinges on
the internal cell timers or molecular clocks in tumor cells.
The circadian clock functions in vivo as a tumor suppressor
at the systemic, cellular and molecular levels (36). Ablation
of SCN in mice resulted in an accelerated growth of
implanted malignant tumors. Overexpression of either the
circadian clock gene Perl or Per2 in cancer cells inhibits
growth and increases apoptosis (11,12,36-38). Repeated
stress-response activation disrupts the circadian rhythms at
both the central and peripheral levels (Figs. 1 and 5). There
are several mechanisms by which circadian disruption might
hasten tumor growth: the increased stress-related mediators
and cytokines in the tumor microenvironment induce immu-
nosuppression, influence the metabolic pathways and the
circadian clock gene expression in tumor cells, and reduce
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Figure 5. Mechanisms of disruption of circadian rhythms in promoting the
progression of cancer: chronic stressor interferes with central circadian
rhythms in both input and output pathways, leading to a dysfunction of
neuroendocrine, metabolism and immunity. The increased stress-related
mediators and cytokines in the tumor microenvironment induce immuno-
suppression, influence metabolic pathways and the circadian clock gene
expression in tumor cells and reduce the sensitivity of tumor cells to treat-
ments (modified from ref. 12).

the sensitivity of tumor cells to treatment (11,12,39,40). For
example, the flattened elevation of cortisone can cooperate
with cell timers to establish circadian cell cycle rhythms by
regulating the expression of cell cycle genes. Recent studies
have revealed that expression of cell cycle genes such as
Weel, Cyclins and c-Myc is directly under the regulation of
the circadian transcriptional complex (CTC). Circadian clock
genes regulate cell-cycle progression and apoptosis through
cAMP/PKA, MAPK/ERKI1/2 and [-catenin/the T-cell
factor/lymphoid enhancer binding factor (TCF/LEF) path-
ways (11,12). Hence, the disruption of circadian rhythms, in
a sense, is also a mediator of psychological stress. However,
the detailed mechanisms that accounts for the effects of
psychological stress on central circadian rhythms and the
molecular clock remain to be clarified.

6. Questions and perspective

As described above, psychological stress is closely associated
with tumorigenesis and cancer progression. The mechanisms
for mediating the effects of psychological stress can be
outlined. Chronic stressors act on the PVN and SCN. The
effects are then transmitted through SNS and the HPA axis,
amplified by the unchecked release of stress-related mediators
and altered behaviors. All these mediators act as immunosup-
pressors or mitogens in the tumor microenvironment. The
converging effects of psychological stress on cancer cells
finally signal through receptors of the stress mediators and
cytokines to activate the intracellular pro-proliferative and
pro-migratory signaling pathways and reset the molecular
clock in tumor cells (Figs. 1-5). There emerges an opportu-
nity to devise effective interventions targeting the signaling
pathways from stressor to cancer progression for anticancer
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treatment; for example, psychosocial and the pharmacological
interventions. Recent studies have demonstrated that social
support and massage therapies, especially cognitive-behav-
ioral stress management (CBSM, a structured, manualized
group intervention that emphasizes skill learning, cognitive
behavioral modification and relaxation training) have potent
effects of improving the outcome of cancer patients (41-43).
Some drugs such as antidepressants and [(3-AR antagonist
also exhibit certain effectiveness in attenuating the effect of
psychological stress on cancer cells (44-47). However, it is not
so simple; the in vivo mechanisms involved in the influence
of psychological stress on cancer cells and most of the details
remain unclear (48). Some questions must be resolved before
devising more effective interventions. The first question
involves how chronic stressors act on the PVN and SCN. This
is important for devising adequate interventions to initially
protect cancer patients from psychological stress. The second
question must answer how many key effectors are in tumor
cells. As there are several known key stress-related mediators
responsible for the influence of psychological stress on cancer
cells and each acts on the cell in synergy with others through
different processes, it is impossible to develop one blocker for
all. The third question must addres how psychological stress
affects the molecular clock. Since the circadian clock func-
tions in vivo as a tumor suppressor, it is logical to assume that
the effect of psychological stress can be suppressed by the
up-regulation of a certain key circadian gene. By exploring
the cascades linking the psychological stress to cancer
progression, some useful targets will be found for anticancer
treatment in the future.
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