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Circadian disruption and cancer risk:
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Abstract. Circadian rhythms regulate a variety of physi-
ological functions. Epidemiological evidence indicates
that disruption of these circadian rhythms might be linked
to cancer. In general, imbalances in homeostasis, such as
immune and hormonal dysfunctions, are thought to be
involved in cancer development. The results of a recent study
suggested that circadian disruption may induce stromal
changes associated with cancer risk, highlighting the impor-
tance of the cancer stem cell niche for protecting cancer
cells. Current research provides new concepts and clarifica-
tion regarding the function of the tumor niche, and the new
concept of a stromal niche may help us to understand the
additional functions of both cancer-associated fibroblasts and
the extracellular matrix. In this review, we summarize our
current knowledge regarding the role of circadian rhythms in
cancer risk and the relevance of the stromal niche in cancer
cell survival and progression.
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1. Epidemiological evidence

The use of electric lights means that people in the modern era are
exposed to long photoperiods throughout the year. This disrup-
tion to the circadian system can induce a wide variety of stresses.
Abnormal circadian rhythms, including through exposure to
light at night, have been associated with an increased risk of
tumorigenesis and a poorer prognosis in carcinomas (1,2). This
suggests that the incidence of cancer may continue to increase,
in association with the stresses of modern life. The risks of both
breast and prostate cancer are high in industrialized societies (3).
Continuous hormonal unbalances in shift workers might be
caused by circadian disruption and may contribute to the rising
risk of cancer. Endocrine target organs, such as the breast and
prostate, are thought to be susceptible to psychosocial stresses,
including circadian disruption (4). The immunological surveil-
lance system has also been shown to be affected, and may thus
not eliminate cancer stem cells (CSCs) effectively (5).

Circadian genes have been shown to function as oncogenes
or tumor suppressors at systemic or cellular levels through
their involvement in cell proliferation, cell cycle regulation,
apoptosis and DNA damage signaling (6,7), indicating a direct
effect of circadian effects on cancer cells. However, the kinds
of molecular and systemic mechanisms involved in tumor
growth under artificial illumination stress remain unknown,
and the importance of artificial illumination in promoting
tumor growth also needs to be established. We propose an
indirect mechanism supporting the survival of potential CSCs
and discuss a new concept of tumor niche formation induced
by circadian disruption.

2. Cancer stem cell niche

Clinical tumors comprise a heterogeneous cell population
including CSCs (8). The malignant phenotype depends not only
on the characteristics of the cancer cell itself, but also on the tumor
microenvironment. CSCs have to survive for a long time in the
body to generate the highly tumorigenic cells responsible for the
clinical manifestations of cancer. During this period, the niche
helps to shelter CSCs from various insults such as the immune
response, and from genotoxic stresses such as chemotherapy
(9,10). This suggests that the niche may also play a protective
role for CSCs, and may thus contribute to the risk of cancer.
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Figure 1. Cancer stem cells in normal stroma.

3. Niche-driven tumor progression

Although CSCs appear relatively frequently, they are unable
to survive in the healthy body without supportive tissues. As
shown in Fig. 1, CSCs are killed by immune cells, or disappear
under conditions of hypoxia and malnutrition. In general, CSCs
only survive in the primary niche long enough to cause cancer
when the microenvironment is supportive. The primary niche is
composed of fibroblasts and the extracellular matrix (ECM) (11).
Circadian disruption activates the fibroblasts, which produce the
autocrine growth factor, WNT10a. These WNT10a-producing
fibroblasts secret ECM, and may provide the beneficial conditions
required to form an initial tumor niche or microenvironment for
CSC:s (Fig. 2). It is possible that this process may contribute to the
maturation of CSCs, but not their differentiation. Psychosocial
stress might activate resident fibroblasts in the body, which
together with the ECM, may provide the niche required for CSCs
in the preclinical phase. Mouse NIH3T3 cells overexpressing
WNTI10a can grow rapidly and form tumors in nude mice. As
shown in Fig. 3, WNT10a-producing cells promote their own
growth and secrete ECM. Interestingly, it has been reported that
increased collagen density promotes mammary tumor initiation
and progression (12).

It has been proposed that metastasis requires the existence
of a metastatic niche to allow the invading cancer cells to
survive, colonize and expand to form macrometastases (13). It
has been reported that both cancer cells and cancer-associated
fibroblasts (CAFs) produce angiogenic factors, such as vascular
endothelial growth factor and WNT10a, respectively, while it is
well known that cancer cells produce reactive oxygen species
(ROS) that induce these angiogenic factors (14). Rapid tumor
growth with angiogenesis induces extracellular acidosis, which

in turn leads to activation of metalloproteinases that destroy
the structure of the tumor niche (15). Hypoxic glycolysis is
activated and produces acid metabolites, and the subsequent
decrease in intracellular pH has been shown to reduce DNA
repair activity, resulting in the accumulation of spontaneous
mutations following the malignant progression of cancer cells.
Thus, solid tumors finally disrupt the niche through degrada-
tion of the ECM, and acquire the ability to invade tissues and
to metastasize during the clinical phase. The tumor micro-
environment is thus crucial for solid tumor development (16),
and dysregulation of the pH and disruption of the tumor niche is
closely involved in the cancer hallmarks of invasion and metas-
tasis. These observations also suggest that circadian disruption
in cancer patients might be related to poor prognosis.

4. Cancer-associated fibroblasts and tumor micro-
environment

Fibroblasts are an abundant cell type in connective tissues.
They produce ECM components and various cytokines, and
contribute to the formation of a structural network through tissue
remodeling (17). The tumor environment includes structural and
cellular components. The cellular components are the so-called
stromal cells, including both resident and circulating cells such
as macrophages, inflammatory cells, endothelial cells, myofibro-
blasts and CAFs (18). Increasing evidence indicates that CAFs
are a main player in the hallmarks of cancer such as angiogen-
esis, invasion, metastasis and inflammation, which are critical
factors for the development of solid tumors (Fig. 4). However,
the origin of CAFs remains unknown (19). Mesenchymal stem
cells contribute to the formation of tumor-associated stroma
containing cellular components such as myofibroblasts and fibro-
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Figure 2. Cancer stem cells in stress-activated stroma.
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Figure 3. ECM deposition in WNT10A-overexpressing NIH3T3 tumors. Eight-week-old male nude mice (BALB/c nu/nu; Kyudo Co.) were used for subcutaneous
xenografting. Mice were injected with 100 ul (1x10° cells) of WNT10A-overexpressing NIH3T3 cell suspension at two separate dorsal sites. Subcutaneous
xenografting experiments were repeated three times. Formalin-fixed tumors were embedded in paraffin and sections were immunostained with anti-WNT10A
(1:50, Sigma-Aldrich) according to the manufacturer's instructions. The anti-WNT10A antibody recognizes both human and mouse WNTI10A. Azan staining was
used to evaluate the extracellular matrix. All procedures were approved by the ethics committee of the University of Occupational and Environmental Health.

blasts (20-23). Furthermore, the detailed roles of CAFs are still
unclear, and not all the cytokines produced by CAFs have yet
been identified. It is possible that the properties of CAFs impor-
tant during the early stage of tumor development differ from
those involved in the late stage. CAFs may be activated by factors
in the microenvironment, such as hypoxia (24), and by physi-

ological conditions such as circadian rhythms. We demonstrated
that disruption of circadian rhythms can promote tumor growth
through WNT10A-dependent angio/stromagenesis, associated
with increased levels of oxidative stress (25). Both endothelial
cells and stromal cells may be activated by WNT10A signals
from non-tumor cells such as CAFs. WNT signaling has been
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Figure 4. Solid tumor development with cancer-associated fibroblasts.

classified into ‘canonical’ and ‘non-canonical’ pathways. In addi-
tion, B-catenin expression has been observed in endothelial cells
in newly-formed tumor vessels, suggesting that WNT/B-catenin
signaling plays a role in tumor angiogenesis. WNT signaling is
also known to play an important role in cancer and stem cell
biology (26), indicating that WNTI10A might affect not only the
tumor microenvironment, but also the CSCs themselves.

5. Tumor-driven niche development

The generation of CSCs and cancer progression involve a
long-term and complicated series of processes. Accumulating
evidence suggests that psychosocial stress can influence cancer
cell growth via many processes. Cancer cells induce inflam-
mation (27). Both tumor-associated macrophages and CAFs
are critical for cancer progression (28). In addition, both cancer
cells and activated stromal cells produce high levels of ROS
and cytokines. ROS induce not only DNA damage following
malignant transformation, but also CAF activation. These
tumor-host interactions alter the local tumor environment and
contribute to tumor growth. Activated CAFs produce ECM
around cancer cells, and CAF-dependent ECM production may
support the formation of a new niche allowing the development
of local micrometastases around the primary tumor. Finally,
the development of an angiogenic niche around the main tumor
supports invasion and metastasis. Fig. 5 shows a typical case
that supports this idea. Tumor-associated connective tissue is
often observed in front of the main gastric tumor. Both azan
staining and immunohistochemical studies showed that this
region was rich in collagen and microvessels (Fig. 5B and
(), and the vascular smooth muscle cells in the microvessels
and the fibroblastic cells observed in the collagen deposits
were positive for WNTI10A (Fig. 5D). WNTI10A may thus
contribute to the formation of the angio/stromagenic niche.
We also suggest that the tumor-associated connective tissue
functions as an angio/stromagenic niche around the primary

tumor. Bateman (29) also proposed that cancer cells modify
the stroma of remote organs and create a premetastatic niche.

WNTI10A mutations are associated with autosomal reces-
sive ectodermal dysplasia (30). In addition, the expression of
WNT signaling antagonists has been shown to be downregu-
lated in fibroblasts in keloids, which are an aggressive type of
wound-healing tissue (31). These previous reports indicate that
WNT signaling is involved in both tissue repair and wound
healing. An earlier hypothesis suggests that cancer results
from uncontrolled wound-healing (32). This is supported
by the observation that WNT10A expression was markedly
increased in fibroblastic cells in the hyperplastic stroma of
keloid tissue, suggesting its function as an angio/stromagenesis
gene in tumor progression.

There are some limitations associated with experiments
using mice. We cannot exclude the possibility that other
physiological and/or hormonal factors, such as melatonin, may
affect the growth of implanted cancer cells in mouse models.
Melatonin suppression through exposure to artificial light at
night leads to carcinogenesis of target endocrine organs (33).
However, serum melatonin cannot be measured in mice because
the pineal gland is too small. Thus although the subcutaneous
injection of rapidly growing human cancer cells into nude mice
provides a setting in which tumor growth can be assessed in a
relatively short time span, an orthotopic model that more accu-
rately reproduces the interactions between tumor cells and their
microenvironment is required to confirm these results.

6. Drug resistance

The molecular mechanisms responsible for the cellular sensi-
tivity to anticancer agents have been extensively studied in
cancer cell lines (16). However, drug resistance is also influenced
indirectly by the tumor microenvironment. Cisplatin resistance
is affected by several factors that influence intracellular drug
accumulation, including the levels of cellular thiols and DNA
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Figure 5. Stomach cancer with remodeling of connective tissue as an angio/stromagenic niche. (A) Hematoxylin and eosin stained squamous cell carcinoma
at the gastro-esophageal junction. Tumor penetrates the serosa (A-1). Carcinoma arranged in sheet-like nests or irregular cords confined to the serosa. Yellow
dotted line indicates the front line of the cancer partitioned from the stroma (A-2). Scar-like stromal reaction, in which peripheral desmoplasia with proliferating
spindle-shaped cells and numerous well-developed blood capillaries, is found throughout the front line of carcinoma progression (A-3). (B) Azan staining. In
desmoplastic stromal areas, spindle-shaped cells and blood capillaries were counterstained red (B-1 and 2), as were nuclei, fibrin and epithelial hyaline bodies.
Collagen fibers and mucus were counterstained blue, together with the basal lamina of the blood capillaries (B-3). (C) CD34 (red) - AEI/AE3 (brown) double
staining method. Immunohistochemically, carcinoma cells were positive for AEI/AE3 (brown) and angioendothelial cells were positive for CD34 (red) (C-1 and 2).
In stromal areas, spindle-shaped cells and the basal lamina of blood capillaries were stained red (C-3). (D) AEI/AE3 (red) - WNT10 (brown) double staining method.
Immunohistochemically, carcinoma cells were positive for AE1/AE3 (red) and the stromal area was positive for WNT10 (brown) (D-1 and 2). In the stromal area,
spindle-shaped cells and the basal lamina of blood capillaries were stained brown (D-3).



IZUMI et al: STROMAL NICHE AND WNT SIGNAL

369

Circadian disruption, tumor niche and development of solid tumor

Activated stromal niche with activation of fibroblasts

->

Psychosocial stress

and ECM and cytokine production

WNT10A-dependent angio/stromagenesis

CSCs

v

Malignant transformation

Continued proliferation

v

Malignant progression
Evade apoptosis

Activated CAFs and TAMs +

VEGF-dependent angiogenesis

Solid tumor development in clinical phase

v

Invasion

v

Remote organ stroma

v

Metastasis

Angio/stromagenic niche as local tumor niche

Premetastatic niche

Metastatic niche

Figure 6. Schematic summary.

repair activity (34). Our own studies showed that glutathione
biosynthesis was upregulated by activating transcription factor 4
(ATF4), which is also regulated by the circadian transcription
system (35,36). ATF4 expression was induced by oxidative stress
through the Nrf2 transcription factor (37). The role of histone
acetyltransferase (HAT) gene expression in the development of
drug resistance has not been extensively studied, though it has
been shown that HAT genes such as CLOCK and TIP60 are
overexpressed, and are involved in glutathione biosynthesis and
DNA repair (38), indicating that the system protecting against
various stresses might be regulated periodically. These results
indicate that similar mechanisms to those observed in CAFs
may contribute to niche-dependent drug resistance.

The circadian transcription system thus drives the expres-
sion of genes that regulate the cell cycle, DNA repair, and thiol
production, which are involved in drug sensitivity, indicating that
the circadian rhythm may contribute to the efficacy of chemo-
therapy in cancer patients, with implications for side-effects
and patient outcomes, including prognosis (39). New methods
are required to understand the status of the circadian rhythm in

an individual patient. WNT16B expression has recently been
reported to be upregulated in fibroblasts by chemotherapy, and
to promote epithelial-mesenchymal transition in neoplastic
prostate epithelium through paracrine signaling (40). They also
showed that WNT16B promoted the survival of cancer cells
after chemotherapy, suggesting that the tumor environment
functions as a stromal chemoresistant niche.

7. Conclusions

WNTI10a is a key molecule in the development of the tumor
niche. WNT10a-dependent activation of the tumor niche
not only supports the emerging links between the circadian
rhythm, oxidative stress and tumor progression at the molec-
ular level, but also alerts us to the potentially adverse effects
of artificial light. Further studies are needed to clarify whether
WNTI10A-Frizzled binding mediates cell proliferation in both
endothelial cells and stromal cells. Examining WNTI10A
receptors and their associated signal transduction pathways
may provide valuable insights into the role of circadian
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rhythms in tumor progression. A greater understanding of
the complexity of the tumor microenvironment and the role
of the tumor niche will lead to further advances in cancer
treatment.

Long-term disturbance and disruption of the circadian

rhythm contributes to the development of cancer from
the preclinical to clinical phases through the evolution
of a highly specialized tumor niche (Fig. 6). As expected,
WNTI10A expression is controlled by a clock gene (41). These
results suggest that researchers should consider the relevance
of chronobiology based on the results of occupational
science related to shift work. Improved understanding of the
circadian rhythm will also allow the further development of
chronotherapy in cancer patients.
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