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ABSTRACT: Circadian clock dysregulation has been implicated in various types of cancer and represents an area of growing research. However,
the role of the circadian clock in prostate cancer has been relatively unexplored. This literature review will highlight the potential role of circadian
clock dysregulation in prostate cancer by examining molecular, epidemiologic, and clinical data. The influence of melatonin, light, night shift
work, chronotherapy, and androgen independence are discussed as they relate to the existing literature on their role in prostate cancer.
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Introduction

Prostate cancer has an estimated national incidence of 268490
cases in 2022.1 Approximately 1 in 8 men living in the United
States will be diagnosed with prostate cancer during their life-
time.2 Research into the mechanistic underpinnings driving
prostate cancer development and progression has focused pre-
dominantly on androgen receptor—dependent mechanisms.
There is growing yet insufficient evidence regarding androgen
receptor—independent mechanisms for progression of prostate
cancer, including the impact on nutrition, genomics, and
inflammation. Recent evidence suggests a role for the circadian
clock in prostate cancer development, highlighting the need for
a better understanding of how dysregulated circadian rhythms
contribute to tumorigenesis. This review will provide a com-
prehensive overview of the links between the circadian clock
and prostate cancer, including melatonin, light exposure, and
androgen dependence. In addition, the role of disrupted circa-
dian rhythms in multiple types of cancer, with a specific focus
on prostate cancer, will be explored in the context of molecular,
epidemiologic, and clinical studies.

Methods

A literature search was conducted to identify all literature on
circadian rhythm and prostate cancer published between
January 1, 2012, to September 1, 2022. Cochrane Library and
PubMed were searched for relevant articles. The search strategy
was performed using the keywords: prostate cancer and circa-
dian rhythm, and prostate cancer and sleep-wake cycle. Relevant

*These authors contributed equally as co-first authors.

search results were imported into Mendeley Reference Manager.
Additional studies were added to support the introduction and
general discussion. Primary sources cited in articles included in
the initial review were also included when relevant.

The Circadian Clock

The circadian clock is an evolutionarily conserved internal bio-
logical timekeeping system. Nearly every cell in the human
body has a functional circadian clock that regulates critical cel-
lular processes to maintain homeostasis.> On a molecular level,
circadian rhythms are generated by transcriptional-transla-
tional feedback loops. The core circadian clock genes include
the positive regulators, brain and muscle arnt-like protein 1
(BMAL1) and circadian locomotor output cycles kaput
(CLOCK), and the negative regulators, period (PER) and
cryptochrome (CRY) (Figure 1). During the light phase,
BMAL1 and CLOCK heterodimerize and promote the tran-
scription of clock-controlled genes (CCGs) through consensus
E-box motifs.* However, BMAAL1 and CLOCK also induce
the expression of their negative regulators, the core clock genes
PER and CRY. Throughout the light phase, PER and CRY
levels accumulate and eventually repress the transcriptional
effect of BMAL1 and CLOCK.> This feedback loop occurs
over a 24-hour period to coordinate gene expression patterns
throughout the day.

Clocks within the body are entrained by external stimuli
including light, temperature, and food to maintain robust
rhythmicity over a 24-hour cycle.®” Disruption of these exter-
nal stimuli through exposure to artificial light at night, erratic
eating patterns, or rest-activity rhythms, often associated with
night shift work, disrupt the circadian clock.® Importantly,
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Figure 1. Potential roles of the circadian clock during prostate cancer tumorigenesis.
BMAL1 indicates brain and muscle arnt-like protein 1; CLOCK, circadian locomotor output cycles kaput; CRY, cryptochrome; MYC, myelocytomatosis oncogene; NPAS2,
neuronal PAS domain protein2; PER, negative regulators, period; ROR, related orphan receptor; REV-ERB or NR1D: nuclear receptor subfamily 1 group D.

circadian clock disruption through night shift work has been
named as a possible human carcinogen (group 2A carcinogen)
by the International Agency for Research on Cancer (IARC).10
Thus, it is critical to understand the epidemiological and
molecular consequences of circadian clock disruption on tumo-
rigenesis. In the next sections, we will highlight the role of cir-
cadian clock disruption in tumorigenesis, with a specific focus
on prostate cancer.

Clinical and Molecular Evidence

Night shift work is associated with alterations to normal sleep-
wake cycles and exposure to light at night which results in sig-
nificant circadian rhythm disruption.®? Multiple studies have
sought to define a correlation between night shift work and
cancer incidence. Most studies have looked at the correlation
between night shift work and breast cancer in nurses. Previous
studies used follow-up surveys to track the rate of breast cancer
incidence in mainly female nurses who did or did not partici-
pate in night shift work. Despite some contradictory conclu-
sions, most these studies found that rotating night shift work
increased the risk for developing breast cancer and that the risk
often increased with a longer duration of shift work.112 In a
more recent case-control study, the odds of developing breast
cancer were twice as high in the women who worked night
shift compared with those that did not.!3 In addition to the
studies on breast cancer, an association between night shift
work and cancer has also been demonstrated for prostate,'»1
colorectal, 18 lung,1929 stomach,?! ovarian,?? and pancreatic??
cancers. A recent systematic review probed the effect of night

shift work on cancer incidence from 57 separate studies includ-
ing more than 8 million participants.?* In this study, there was
no significant association between night shift work and the risk
of breast, prostate, ovarian, pancreatic, colorectal, non-Hodg-
kin’s lymphoma, or stomach cancer.?* However, this study cat-
egorized participants based on ever or never having worked
night shift, failing to take into account the duration of exposure
to night shift work. Overall, the variability in data collection
and categorization of night shift work warrants more thorough
and comprehensive study to determine whether a strong asso-
ciation between shift work and cancer risk exists.

In a study that used data from The Cancer Genome Atlas
(TCGA), 88.2% of clock genes were either upregulated or
downregulated in at least one cancer type when compared with
a matched normal sample.?> In addition to being differentially
expressed in cancer, clock gene expression levels were clini-
cally relevant in predicting patient survival and clinical
stage.?” For example, CRY2 downregulation predicted worse
patient survival in multiple cancer types.?>2 It has been sug-
gested that disruption of the circadian clock promotes tumo-
rigenesis through alteration of critical cellular processes that
limit cancer progression. In support of this, clock genes were
found to be associated with cell cycle control and activation of
oncogenic pathways including phosphatidylinositol 3-kinase
(PI3K)/protein kinase B alpha and Rat sarcoma/mitogen-acti-
vated protein kinase (MAPK).2>2¢ In addition, other studies
have demonstrated an association between clock gene dysregu-
lation and epithelial-mesenchymal transition (EMT),»
immune cell exhaustion,?® and cancer cell dissemination.?”
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These studies highlight the prognostic value of circadian clock
gene expression in multiple cancer types.

Furthermore, there is evidence supporting the negative
impact of circadian rhythm disruption on mitochondrial
metabolism. Emerging evidence has described this interaction,
through linking metabolism and circadian responses to tran-
scriptional modifications.?® Akbari et al have hypothesized that
depletion of adenosine triphosphate (ATP) drives normal cells
toward cancerous transformation.?’

Multiple genetic and environmental models of clock dis-
ruption demonstrate a significant increase in cancer progres-
sion.30-3*  Accumulating evidence suggests an important
connection between the circadian clock and regulation of the
cell cycle.303%3¢ For example, PER2 mutation has been shown
to promote tumorigenesis by deregulating critical cell cycle
checkpoints and tumor suppressors.?® Similarly, CRY2 mis-
sense mutation suppresses p53 gene expression and enhances
cell growth in ¢-Myc expressing fibroblasts.3® This introduces
an intriguing connection between the circadian clock and the
cell cycle through ¢-Mpyc, a CCG that acts as a key regulator of
cell cycle progression and proliferation. In further support of
this, BMAL1 expression levels correlate inversely with
c-Myc3738 and BMAL1 mutation has been shown to upregu-
late ¢-Myc expression.® In contrast, Cry mutation decreased
c-Mpyc expression.® Intriguingly, BMAL1 mutation was shown
to drive Apc loss of heterozygosity to upregulate c-Myc and
drive colorectal cancer progression.’® Altogether, these data
reveal that clock control of the cell cycle is critical for limiting
cell growth and maintaining genome stability.

Clock Disruption and Prostate Cancer

Although there is evidence that circadian clock disruption may
promote the incidence and progression of various types of can-
cer, the role of clock disruption in the cause of prostate cancer
is not yet well understood. There have been a few studies that
have examined the role of circadian rhythm gene variants and
prostate cancer risk.#0#? Initial studies attempted to define a
correlation between single nucleotide polymorphisms (SNPs)
in circadian genes and the risk of fatal prostate cancer. When
comparing 3 separate cohorts of prostate cancer patients, no
consistent association between circadian gene SNPs and pros-
tate cancer fatality was found.*> However, this same study
identified an association between CRY1 SNPs rs7297614 and
rs1921126 and increased risk of fatal disease in 2 out of the 3
cohorts analyzed.*? These SNPs are predicted to influence
splicing, suggesting a probable connection between the circa-
dian clock and prostate carcinogenesis through proliferative
signaling. In support of this, multiple studies have observed
associations between clock genes known to regulate prolifera-
tive signaling, including CRY1, timeless circadian regulator,
aryl hydrocarbon receptor nuclear translocator like (ARNTL),
neuronal Per-Arnt-Sim domain protein2 (NPAS2), PER1/2/3,
related orphan receptor oo (RORa), CLOCK, and casein kinase
1 epsilon (CSNKIE), and the incidence or aggressiveness of

prostate cancer*# (Table 1). The expression level of 9 core
circadian clock genes has also been shown to correctly predict
prostate cancer patient disease-free survival®® (Table 1). More
broadly, individuals who suffer from sleep disorders or work
night shift are at a higher risk of developing prostate cancer
than those who do not.2351-53 These studies demonstrate a
potential role for the circadian clock in regulating prostate can-
cer initiation and progression.

NPAS?2, a core component of the circadian clock, has been
identified as a potential link between the circadian clock and
prostate carcinogenesis. NPAS2, along with other transcription
factors (CLOCK, ARNTL/BMAL1, or ARNTL2/BMAL2)
form the positive limb of the feedback loop and activate the
transcription of core clock genes and CCGs*® (Figure 1).
NPAS2 is homologous to CLOCK and plays a role in the
DNA damage response through inhibition of cell cycle and
DNA repair genes.”” Two meta-analyses of data, including
from the Genetic Associations and Mechanisms in Oncology
(GAME-ON) network, using genome-wide association stud-
ies have also showed that NPAS2 is one of the genes with the
most significant contribution in the association between the
circadian pathway and the risk of prostate cancer.*$°8 Similarly,
data from the Epidemiological Study of Prostate Cancer
(EPICAP) study were used to demonstrate an association
between NPAS2 and aggressive prostate cancer, especially in
those who performed night shift work, with risk positively cor-
relating to duration of night shift work.** In addition, asso-
ciations between prostate cancer risk and NPAS2 were found
on the SNP level where rs6542993 predicts prostate cancer risk
for both localized and metastatic diseases.*’ NPAS2rs6542993
was significantly associated with biochemical recurrence of
prostate cancer (P=.039) and also found to be associated with
an increased risk of progressive disease, after adjusting for
known clinicopathological variables that are associated with
advanced prostate cancer, confirming NPAS2 156542993 as a
biomarker for prostate cancer progression.*’

Although multiple studies have found an association
between NPAS2 and prostate cancer risk, few have identified a
mechanism regulating this association. However, 2 key studies
provide clues for a potential mechanism. Chu et al used data
from the prostate cancer prevention trial (PCPT), a rand-
omized placebo-controlled clinical trial for the efficacy of fin-
asteride, to define the relationship between circadian gene
variants and prostate cancer risk as well as the effect of testos-
terone on this relationship. In the group treated with finas-
teride, they demonstrated an association between NPAS2 and
prostate cancer risk that was lacking in the placebo group.®?
This suggests that NPAS2 variation may increase risk of pros-
tate cancer through androgen receptor—dependent signaling.

Other interesting links between the circadian clock and
prostate cancer are through retinoic acid-RORal, PER3, and
their control of Wnt signaling. Related orphan receptor al is a
transcription factor known to be involved in regulating circa-
dian rhythms,> metabolism,® and immunity.®! Downregulation
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Table 1. Clock gene functions in prostate cancer.

CITATION CLOCK GENE AND FUNCTION

Markt et al42

Chu et al*?
group.

Wendeu-Foyet et al*

CRY1 SNPs were nominally associated with prostate cancer fatality in 2 out of 3 cohorts studied.

NPAS2 variation was associated with total prostate cancer risk in men treated with finasteride but not in the control

NPAS2 and PER1 variants significantly associated with all prostate cancer.

RORA variants significantly associated with aggressive prostate cancer.

Wendeu-Foyet et al*®

No significant association between SNPs and prostate cancer

ARNTL, NPAS2, and RORA variants significantly associated with aggressive prostate cancer among night workers.

NPAS2 downregulation was associated with more aggressive prostate cancer and poorer progression-free survival.

Park et al*6 N-terminal domain of RORa1 downregulated genes involved in proliferation and tumor progression using RORa1-
deficient mouse embryonic fibroblasts and prostate carcinoma tissues.
RORa1 downregulation was associated with prostate cancer in patients.

Feng et al*” Using patient databases, CLOCK, PER, CRY2, NPAS2, RORA, and ARNTL were associated with anti-oncogenes
and CSNK1D and CSNK1E were associated with oncogenes.

Downregulation of PER1, PER2, and CRY2 and upregulation of CSNK1E were associated with higher risk of
disease progression.

Gu et al*® NPAS2 and AANAT significantly associated with prostate cancer risk.

Yu et al*® NPAS2 SNPs were associated with a significantly higher risk of prostate cancer progression.

Yue et als0 Expression of CSNK1D, BTRC, CLOCK, CSNK1E, FBXL3, PRKAA2, DBP, NR1D2, and RORB was used to
construct a risk score, and this score was found to be predict prostate cancer tumor status, disease, and
progression-free survival and overall survival.

Li et al>

PERS is downregulated in human prostate cancer samples, and this correlates with worse patient prognosis.

Overexpression of PER3 in prostate cancer stem cell precursors suppressed their colony and sphere-forming
abilities while knockdown of PER3 promoted their tumor-forming abilities.

Fedorova et al55

NETO2 mRNA expression did not correlate with clinicopathological features

Knockdown of NETO2 in HCT116 cells downregulated cancer-associated pathways including PI3K/protein kinase B
(AKT), JAK-STAT, Wnt, TGF-B, and MAPK pathways.

Abbreviations: AANAT, Arylalkylamine N-acetyltransferase; ARNTL, aryl hydrocarbon receptor nuclear translocator like; BTRC, beta-transducin repeat containing E3
ubiquitin protein ligase; CLOCK, circadian locomotor output cycles kaput; CRY, cryptochrome; DBP, D-box binding PAR (proline- and acid-rich) bZIP (Basic leucine
zipper) transcription factor; JAK, Janus kinase; MAPK, mitogen-activated protein kinase; NPAS, neuronal PAS domain protein2; PER, negative regulators, period; PI3K,
phosphatidylinositol 3-kinase; RORA, retinoic acid receptor-related orphan receptor alpha; ROR, related orphan receptor; SNPs, single nucleotide polymorphisms; STAT,

signal transducer and activator of transcription; TGF, transforming growth factor.

of RORal hyperactivates proliferative genes including Wnt
target genes.* Interestingly, knockdown of PER3 in prostate
cancer stem cells significantly promotes tumorigenic properties
and similarly activates Wnt signaling® (Table 1). Both RORa1
and PER3 are downregulated in prostate cancer specimens and
inversely correlated to Wnt signaling.654 In the intestine, the
circadian clock regulates the rhythmic secretion of Wnt ligands
and intestinal stem cells are highly responsive to Wnt activa-
tion.®204 Thus, it is plausible that a similar mechanism involv-
ing circadian regulation of Wnt signaling may also be operative
in prostate cells, contributing to the regulation of stemness and
tumorigenic properties of prostate cancer cells. In addition,
increased expression of neuropilin and tolloid-like 2 (NETO2),
a protein involved in regulation of kainite receptor function, was
tound to dampen circadian rhythms in prostate cancer leading
to upregulation of Wnt signaling>> (Table 1). Overall, these
studies demonstrate that prostate cancer may be mediated by
circadian rhythms through regulation of Wnt signaling which
provides a potential therapeutic target for future studies.

Finally, there is evidence supporting the importance of sleep
hygiene as a determining factor of mitochondria health. There
is an interplay between the sleep cycle and mitochondrial
interactome disturbances that are suspected to influence the
pathogenesis of cancer, among other diseases. This interplay
can be categorized into 3 main categories of redox regulation,
bioenergetics regulation, and temperature regulation.®®

Melatonin and Circadian Rhythm
Ongoing studies investigate the role of N-acetyl-5-
methoxytryptamine (melatonin) and its role in prostate cancer.
It has been well-established that melatonin is a principal regu-
lator of the circadian rhythm.®® Melatonin also seems to play a
role in numerous solid tumors, and investigations in terms of
its role as a potential molecule that impedes the spread of can-
cer are ongoing.

In prostate cancer, as described in the prostate cancer life-
styles (CAPLIFE) study, the saliva of patients was collected to
measure melatonin levels of patients and controls. Melatonin
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Table 2. Use of melatonin and ADT in prostate cancer.

Li et al5
incidence and growth rate.

Fedorova et al55

In castrated mice, melatonin treatment was associated with a decrease in lymph node carcinoma of the prostate tumor

Fourteen metastatic prostate cancer patients received both triptorelin, a GnRH agonist, and melatonin, and 8 of 14 (57%)

patients had a greater than 50% decrease in serum PSA level.

Zhou et al®®

In prostate cancer patients who received combined hormone and radiation treatment, in the group of patient with poor

prognosis, patient who received melatonin had on average a 13-month longer survival rate when compared with control.

Abbreviations: ADT, androgen deprivation therapy; PSA, prostate-specific antigen.

levels were used as a proxy for circadian rhythm disruption. It
was found that patients with prostate cancer had lower levels of
melatonin, regardless of urinary symptomatology, tumor
aggressiveness and extension, and chronotype. In addition, the
maximum melatonin peak was lower in prostate cancer patients
when compared with controls.®” When melatonin levels were
studied in a case-cohort study of 928 Icelandic men, a similar
association was found in morning urine samples, as men with
lower levels of first morning-void urinary 6-sulfatoxymelatonin
were at increased risk for advanced or lethal prostate cancer.%
In a systematic review and meta-analysis, men with lower mel-
atonin levels had an increased risk of prostate cancer, and low
melatonin levels increased the incidence of advanced prostate
cancer.® These studies suggest a potential link between mela-
tonin and prostate cancer incidence and/or progression. Several
other studies have examined the synergistic use of melatonin
with androgen deprivation therapy (ADT) in patients with
prostate cancer’%72 (Table 2).

Whether or not melatonin can play a role in transcriptional
activity related to prostate cancer progression remains under
investigation. There are a number of integrin receptors and
their corresponding ligands that have been investigated to bet-
ter understand how their expression patterns may be related to
prostate cancer and its progression. One such integrin is inte-
grin 02B1, which is highly expressed in prostate cancer.
Evidence suggests that its activation/phosphorylation has
been implicated in prostate cancer progression.”3 Expanding
on this, Tai et al examined inhibition of this integrin in a study
of 2 human osteoblastic cell lines, which were stimulated with
melatonin. In this study, melatonin induced the suppression of
osteoblastic prostate cancer cell motility by playing a role in
inhibiting the integrin a2B1. This inhibition took place by
way of inhibiting focal adhesion kinase, c-Src, and nuclear
factor-xB transcriptional activity via the melatonin MT,
receptor.”* Suppression of these cell’s motility translated into
decreased migration and invasive ability of these cell lines.
Skeletal metastases are not uncommon in advanced prostate
cancer, and the role of integrin 21 is crucial in this process.”
Perhaps, this link provides an explanation of the role of mela-
tonin in suppressing the proliferation of skeletal metastases in
patients with advanced prostate cancer, and potentially even in
slowing the rate of progression of disease. Further studies on
this topic are warranted.

Another area under investigation when it comes to pros-
tate cancer and melatonin is more specifically the role of
melatonin in lipid metabolism. Prostate cancer is known to be
a lipid-rich tumor,”® and the role of dietary lipids has been
studied in its development and progression. The circadian
rhythm is well-known to regulate lipid homeostasis, and dis-
ruptions of this temporal regulation have been shown to lead
to impaired lipid absorption and ultimately, to metabolic dis-
orders, and even tumor development.””-”? Although increased
lipogenesis is initially androgen-responsive, it persists or re-
emerges in castrate-resistant prostate cancer, suggesting that
lipid metabolism outside of the setting of androgen sensitiv-
ity plays a fundamental role in the progression of prostate
cancer.?? In addition, in 1 study using mouse-derived prostate
cells to generate a prostate cancer model, melatonin was
found to promote the expression of the Carboxylesterase 1
(CES1) gene, which is lipid metabolism-related. In prostate
cancer tissues compared with normal prostate tissue, the
expression of CES1 was downregulated and high levels of
CES1 expression were negatively correlated with tumor stage,
metastasis, and Gleason score. In this same study, melatonin
upregulated CES1 expression, which decreased lipid accumu-
lation and cell activity by prostate cancer cells, as well as
inhibited castrate-resistant prostate cancer progression, and
reversed enzalutamide progression.®?

Light and Circadian Rhythm
A discussion of the role of melatonin and prostate cancer is
incomplete without a discussion about light. As we know, mel-
atonin is released under the control of the circadian rhythm
and exposure to light. Regular exposure of humans to artificial
light at night has been linked to an increased risk of prostate
cancer in men with normal sight.®! The hypothesized mecha-
nisms for this are nocturnal melatonin synthesis suppression,
circadian time structure desynchronization, and sleep/wake
cycle disruption with sleep deprivation. Night time use of per-
sonal electronic devices has contributed to this. The combina-
tion of vitamin D suppression in the modern day in addition to
suppressed melatonin synthesis is thought to create a manmade
light environment with potentially toxic consequences.
Another study used human prostate cancer xenografts in
rats to test night time melatonin levels after exposure to white
light through blue-tinted versus clear cages. Daytime blue light
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stimulated about a 6-fold increase in the peak night time mela-
tonin level when compared with the normal peak night time
melatonin level. The mechanism for this is unknown. It was
also found that there was amplification of night time mela-
tonin levels in the group exposed through blue-tinted cages,
which reduced human prostate cancer metabolic, signaling, and
proliferative activities.®? Blue light is emitted by many outdoor
lights, phones, tablets, and other personal electronic devices in
the home including T'Vs and laptops. In a Spanish study, expo-
sure to outdoor light at night in the blue light spectrum was
associated with a higher odds of prostate cancer (odds ratio
[OR]=2.05; 95% confidence interval [CI]=1.38-3.03).83
Although new and more conservative prostate cancer screening
guidelines by way of prostate-specific antigen (PSA) led to
declining prostate cancer incidence rates in the late 2000s and
2010s. Between 2014 and 2018, incidence rates for advanced-
stage prostate cancer rose by 4% to 6% each year.3* It is difficult
to ascertain what role personal electronic devices and the man-
made light environment may have in this process, and again,
turther investigation is warranted.

Altered light exposure dysregulates circadian rhythms, and
it is thought that the biological effects of circadian rhythm dis-
ruption may affect androgen expression, androgen receptors,
cyclin D1, cell proliferation, apoptosis, and repair.?> In 1 case
study obtained from the GLOBOCAN 2002 database on
light-at-night and prostate cancer, the increase in light-at-
night from minimal average exposure to average exposure cor-
responded to an increase in prostate cancer age-standardized
rate by 30.5%. When light-at-night was further increased to
the maximum average exposure, this corresponded to an
increase in the prostate cancer age-standardized rate by
80.2%.8¢ Surely, there may have been other confounding vari-
ables in this study that would need to be tightly correlated with
light-at-night exposure to have made a significant difference.
Interestingly, in another study, there was a significant positive
association between population exposure to light-at-night and
incidence rates of prostate cancer, but no such association with
lung cancer or colon cancer.?” Again, this suggests a possible
role of hormone mediation, as prostate cancer typically origi-
nates as a hormone-sensitive cancer, whereas this is not the
primary pathophysiology of lung cancer and colon cancer.
Perhaps in prostate cancer, melatonin and testosterone both
play independent and dependent roles in contributing to the
development and progression of disease, and both hormones

are dysregulated by circadian rhythm disruption.

Shift Work and Prostate Cancer

Some studies have suggested a positive association between the
presence of shift work and the risk of prostate cancer. In a
meta-analysis conducted in 2018 including a total of 10715
prostate cancer patients, shift work was significantly associated
with an increased risk of prostate cancer.® Exposure to light-
at-night leading to circadian rhythm disruption and endocrine

disruption in humans has been thought to have implications on
metabolic disorders, as well as on endocrine-related cancers
which include prostate cancer.?” One study assessed the inci-
dence of cancer among commercial airline pilots and found
that airline pilots had higher rates of prostate cancer.”® Another
study examined night shift work with relation to prostate can-
cer and found that individuals who worked for at least 1year in
night shift work again had higher prostate cancer risk.!® This
study also found an association between night shift work and
prostate cancer tumors with a worse prognosis. In the
CAPLIFE study, when looking at the effect of shift work,
night shift work was associated with prostate cancer with an
adjusted odds ratio (aOR)=1.47 (95% CI=1.02-2.11), espe-
cially for rotating night shifts, aOR=1.73 (95% CI=1.09-
2.75).97 An increased risk for evening chronotypes was also
established.

On the contrary, in a population-based cohort study in
Sweden, there was no increased risk of prostate cancer among
shift workers compared with the general population of Swedish
men.”? The definition of shift work in this study did not have
to include night shift work, although night shift work is associ-
ated with more disruption in the circadian rhythm when com-
pared with day shift work. A twin study, also out of Sweden,
with data extracted from the Swedish Twin Registry and the
Swedish Cancer Registry, found that there was no association
between ever night work and prostate cancer.” Likewise, a
Finnish twin study also found no significant association
between shift work and prostate cancer risk.”* To our knowl-
edge, no studies have examined light patterns and circadian
rhythm as they relate to geographic location, and correlated
this to patterns in cancer epidemiology. This would provide for
an interesting investigation that may lead to new insights.
Furthermore, when it comes to defining night shift work, there
is room for misclassification. Night shift work may be self-
reported or based on job title. Within this group of night shift
workers, there may also be rotating shift workers who alternate
between day shift and night shift. There are scarce data looking
at the risk of prostate cancer and circadian rhythm disruption
between these subgroups, although differences may exist.

Overall, the studies on night shift work and prostate cancer
do show mixed results.”>% In a systematic review reviewing the
literature from 2012 to 2017, it was concluded that evidence of
an association between night shift work and prostate cancer is
inconclusive.” In a meta-analysis ultimately including 9 rele-
vant studies, interestingly, rotating night shift work was associ-
ated with a significantly increased risk of prostate cancer, while
fixed night shift work was not.”® In another study, prostate can-
cer risk was found to decrease following the cessation of night
shift work, suggesting that the pattern of time-related decrease
in risk may exist. The pattern has also been observed in breast
cancer.”” Several studies have alternatively suggested that night
shift work is not associated with the risk of developing prostate
cancer. When looking at risk of fatal prostate cancer, work
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schedule and insomnia frequency were not significantly associ-
ated.”® The CAPLIFE study did not find a clear trend between
exposure time in night work or inadequate hours of sleep and
prostate cancer risk.”! In the PROtEuS study, a population-
based case-control study from Canada, including 1904 prostate
cancer cases, no association was found between overall prostate
cancer and night shift work metrics, including ever exposure,
duration, intensity, cumulative exposure, rotating shifts, and
early-morning shifts.’ In the EPICAP study, a French popu-
lation-based case-control study including 818 prostate cancer
cases, night work was not associated with prostate cancer,
regardless of how aggressive the prostate cancer was. However,
at least 20 years of permanent night work was associated with
aggressive prostate cancer, and this was more so found in men
who worked shift lengths >10 hours, or =6 consecutive
nights.’> Another major systematic review on the topic reported
similar findings, with results not supporting the hypothesis
that rotating shift or night work schedules are associated with
a higher risk of prostate cancer.”

Overall, when looking at the observational studies that have
tried to evaluate the association between night shift work and
prostate cancer, it is clear that the findings are mixed. Perhaps,
the great heterogeneity in methods and participants is a major
uncontrolled factor in these studies. Factors such as work
schedule variation, geographic location, age, and publication
bias may all play roles in the heterogeneity of findings.

Chronotherapy

Chronotherapy refers to the coordination of medical treatment
with biological rhythms to maximize therapeutic drug efficacy
and minimize side effects.’®© The human circadian clock has
traditionally served as the basis for which chronochemotherapy
regimens were designed.!®? Although this method has been
beneficial in certain medical realms, when it comes to clinical
trials using chronochemotherapy, this method did not show
improved pharmacologic efficacy, and even showed worse clin-
ical outcomes in subsets of patients when compared with con-
ventionally timed therapies.!%2 It is important to note that the
models that have simulated the circadian clock have limita-
tions, as they analyze only the core clock genes and those in the
secondary consolidating loop, which is a gross simplification of
the hundreds to thousands of genes presumed to play a role in
the human circadian rhythm 10!

Looking at trials in human malignancies, there has been
work done in both gynecologic cancers and colorectal cancer
examining chronochemotherapy. In advanced ovarian cancer,
a clinical trial of 31 patients showed differences in the group
receiving adriamycin in the evening and cisplatin in the
morning, as opposed to adriamycin in the morning and cispl-
atin in the evening. The group receiving adriamycin in the
evening required more dose attenuation and treatment delays
as opposed to the other group, and treatment complications
were still about 2 times more common as in the group

receiving adriamycin in the morning and cisplatin in the
evening.'% A larger phase 3 trial with 342 total patients (of
which 169 patients were in the control arm) showed that in
patients with advanced or recurrent endometrial carcinoma,
there was no significant benefit in terms of response rate, PF'S
or OS, or toxicity profile in patients who received chrono-
chemotherapy as opposed to the standard treatment tim-
ing.19 The chronotherapy pattern in this study matched that
of the aforementioned study of ovarian cancer patients.
Currently, there are no guidelines for the use of chronochem-
otherapy in the United States, and no clinical trials to our
knowledge that have looked at chronochemotherapy in the
treatment of prostate cancer.

Interestingly, there have been multiple reports on the use of
chronoradiation therapy in prostate cancer patients, as well as
how that relates to micturition. In 1 study conducted in men
with localized prostate cancer, there was a significant improve-
ment in lower urinary tract symptoms and quality of life with
morning proton beam therapy (PBT) when compared with
noon time or afternoon PBT.1% In another study looking at
differences in toxicity and outcomes in patients with prostate
cancer undergoing daytime vs evening radiation, patients with
T2b or higher T-stage had significantly poorer biochemical
failure-free survival when treated in the evening.'% A literature
review looking at 9 studies regarding the timing of radiother-
apy and its potential effect on clinical outcomes showed that
inconsistencies in the literature exist on this topic, and that fur-
ther investigation in preclinical experiments is necessary to
better understand the effect of circadian rhythms and radio-
therapy on cell cycle progression.1%

Androgen-Deprivation Therapy and Insomnia

It is estimated that 25% to 40% of prostate cancer patients
experience insomnia, and ADT, radiation therapy, and prosta-
tectomy are all believed to play a role.19%19 There is certainly a
lack of trials examining sleep disorders in prostate cancer
patients, and thus, a dearth of prospective data on the topic.
From reviewing the limited retrospective literature, as Sparasci
et al most recently completed, 14 of 16 trials demonstrated
development of sleep disorders or changes in sleep quality in
this patient population.!®” Hot flashes and nocturia are promi-
nent factors that play a role in contributing to insomnia in men
with prostate cancer undergoing treatment. Patients on ADT
report greater hot flash incidence and more severe and clini-
cally significant sleep disturbances when measured on the
Insomnia Severity Index.1% In 1 small randomized controlled
clinical trial (total n=42, 21 patients in melatonin arm and 21
in placebo group) investigating the role of melatonin on sleep
and mood in prostate cancer patients on ADT, melatonin sig-
nificantly improved sleep, measured by the Pittsburgh sleep
quality index.’? Additional studies investigating the role and
mechanisms of ADT on the circadian rhythm and sleep are
needed.
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Androgen Independence

Gaining a deeper understanding of the role of circadian rhythm
in its potential role, if any, in contributing to prostate cancer
progression and/or androgen independence, is a question that
remains. Finally, little is known about the mechanism by which
prostate cancer cells hijack the expected response to androgen
receptor suppression and become androgen-independent.
Often times, they grow to resemble a neuroendocrine-like dis-
ease state. The idea that prostate cancer cells can be driven
toward androgen independence via the pathway of drug-
induced epigenomic plasticity which reprograms circadian
rhythm regulation has recently been explored in a phase 2 clin-
ical trial by Linder et al. This study demonstrated that in tis-
sues of patients with high-risk prostate cancer treated with
3 months of enzalutamide monotherapy, there was reprogram-
ming in pioneer factor forkhead box protein Al (FOXAI),
which ultimately led to these FOXAI sites being enriched for
the circadian clock component BMALI.1™ BMALL is of sig-
nificance as it forms a heterodimer with CLOCK, and is a
transcriptional activator which forms a core component of the
circadian clock.'? In this study mentioned above, high BAMAL?
levels after enzalutamide treatment were associated with poor
clinical outcomes. BMALI levels were also exclusively found to
be upregulated in nonresponders, defined as patients having
biochemical recurrence in less than or equal to 6 months after
surgery. This study suggests that the circadian regulator
BMAL1 may be a novel candidate therapeutic target.!!!

Conclusion

The potential role of circadian clock dysregulation in the
development and progression of prostate cancer has been rela-
tively unexplored. Limited molecular, epidemiologic, and clini-
cal studies have addressed this topic. The influence of
melatonin, light, night shift work, chronotherapy, and andro-
gen independence may all play roles in the link between the
circadian clock and prostate cancer. Night shift work results in
significant circadian rhythm disruption; however, observational
studies evaluating the role of night shift work on prostate can-
cer have provided for mixed and overall inconclusive results.
There is much room for further studies to broaden our under-
standing on this topic, and more generally, on the topic of how
dysregulated circadian rhythms contribute to tumorigenesis.
Gaining a deeper understanding of the role of the circadian
clock in its potential role, if any, in contributing to prostate
cancer progression and/or androgen independence, is a ques-
tion that remains.

The circadian clock regulates critical cellular functions to
maintain homeostasis. While the role of the circadian clock in
prostate cancer tumorigenesis is not fully understood, circadian
clock genes have been linked to prostate cancer risk and aggres-
siveness. For example, NPAS2, homologous to CLOCK and
regulating the cell cycle, is associated with prostate cancer
risk, %4 aggressiveness,** and progression.¥ NPAS2:BMALL1

heterodimers have been shown to regulate the expression of the
proto-oncogene and Wnt target c-MYC, highlighting a potential
mechanism of NPAS2 in tumorigenesis.?* In addition, other cir-
cadian clock genes including RORa1 and PER3 have associated
with prostate cancer. RORa1 and PER3 have been found to be
downregulated in prostate cancer samples and inversely corre-
lated to Wt signaling.6>* Overall, circadian regulation of Wnt
signaling may be involved in prostate cancer tumorigenesis.

Author Contributions

Dalia Kaakour: research idea conception and design, analysis
and interpretation of studies, drafting of article, article revi-
sions, approval of submitted version

Bridget Fortin: analysis and interpretations of studies, drafting
of article, article revisions, approval of submitted version
Selma Masri: article revisions, approval of submitted version
Arash Rezazadeh: research idea conception and design, article
revisions, approval of submitted version

ORCIDiD

Dalia Kaakour (2} https://orcid.org/0000-0003-2985-9591

REFERENCES

1. National Cancer Institute. Cancer stat facts: common cancer sites. https://seer.
cancer.gov/statfacts/html/common.html. Published 2022. Accessed October 20,
2022.

2. Key statistics for prostate cancer. https://www.cancer.org/cancer/types/prostate-
cancer/about/key-statistics.html.

3. Takahashi JS. Transcriptional architecture of the mammalian circadian clock.
Nat Rev Genet. 2017;18:164-179. doi:10.1038/nrg.2016.150

4. Huang N, Chelliah Y, Shan Y, etal. Crystal structure of the heterodimeric
CLOCK:BMALL transcriptional activator complex. Science. 2012;337:189-194.

5. Lee C, Etchegaray JP, Cagampang FRA, Loudon ASI, Reppert SM. Posttrans-
lational mechanisms regulate the mammalian circadian clock. Cell.
2001;107:855-867.

6. Pittendrigh CS, Minis DH. The entrainment of circadian oscillations by light
and their role as photoperiodic clocks. Am Nat. 1964;98:261-294.

7. Mistlberger RE, Skene DJ. Social influences on mammalian circadian rhythms:
animal and human studies. Bio/ Rev Camb Philos Soc. 2004;79:533-556.
doi:10.1017/51464793103006353

8.  Manoogian ENC, Panda S. Circadian rhythms, time-restricted feeding, and
healthy aging. Ageing Res Rev. 2017;39:59-67. d0i:10.1016/j.arr.2016.12.006

9. Fonken LK, Aubrecht TG, Meléndez-Fernindez OH, Weil ZM, Nelson RJ.
Dim light at night disrupts molecular circadian rhythms and increases body
weight. J Biol Rhythms. 2013;28:262-271. doi:10.1177/0748730413493862

10.  Straif K, Baan R, Grosse Y, etal. Carcinogenicity of shift-work, painting, and
fire-fighting. Lancet Oncol. 2007;8:1065-1066. doi:10.1016/s1470-2045(07)70373x

11.  Schernhammer ES, Laden F, Speizer FE, et al. Rotating night shifts and risk of
breast cancer in women participating in the nurses’ health study. J Naz/ Cancer
Inst. 2001;93:1563-1568.

12.  Knutsson A, Alfredsson L, Karlsson B, et al. Breast cancer among shift workers:
results of the WOLF longitudinal cohort study. Scand | Work Environ Health.
2013;39:170-177. doi:10.5271/sjweh.3323

13.  Szkiela M, Kusidet E, Makowiec-Dabrowska T, Kaleta D. Night shift work—a
risk factor for breast cancer. Int J Environ Res Public Health. 2020;17:659.
doi:10.3390/ijerph17020659

14.  Barul C, Richard H, Parent ME. Night-shift work and risk of prostate cancer:
results from a Canadian case-control study, the prostate cancer and environment
study. Am J Epidemiol. 2019;188:1801-1811. doi:10.1093/aje/kwz167

15. Wendeu-Foyet MG, Bayon V, Cénée S, et al. Night work and prostate cancer
risk: results from the EPICAP Study. Occup Environ Med. 2018;75:573-581.
doi:10.1136/0emed-2018-105009

16. Erren TC, Morfeld P, Foster RG, Reiter R], Grof8 JV, Westermann IK. Sleep
and cancer: synthesis of experimental data and meta-analyses of cancer incidence
among some 1,500,000 study individuals in 13 countries. Chronobiol Int.
2016;33:325-350. do0i:10.3109/07420528.2016.1149486


https://orcid.org/0000-0003-2985-9591
https://seer.cancer.gov/statfacts/html/common.html
https://seer.cancer.gov/statfacts/html/common.html
https://www.cancer.org/cancer/types/prostate-cancer/about/key-statistics.html
https://www.cancer.org/cancer/types/prostate-cancer/about/key-statistics.html

Kaakour et al

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Yong M, Blettner M, Emrich K, Nasterlack M, Oberlinner C, Hammer GP. A
retrospective cohort study of shift work and risk of incident cancer among Ger-
man male chemical workers. Scand | Work Environ Health. 2014;40:502-510.
doi:10.5271/sjweh.3438

Papantoniou K, Castafio-Vinyals G, Espinosa A, et al. Night shift work, chrono-
type and prostate cancer risk in the MCC-Spain case-control study. Int ] Cancer.
2015;137:1147-1157. doi:10.1002/ijc.29400

Sigurdardottir LG, Valdimarsdottir UA, Mucci LA, etal. Sleep disruption
among older men and risk of prostate cancer. Cancer Epidemiol Biomarkers Prev.
2013;22:872-879. doi:10.1158/1055-9965.EP1-12-1227-T

Gu F, Han J, Laden F, etal. Total and cause-specific mortality of US nurses
working rotating night shifts. 4m J Prev Med. 2015;48:241-252. doi:10.1016/j.
amepre.2014.10.018

Gyarmati G, Turner MC, Castafio-Vinyals G, et al. Night shift work and stom-
ach cancer risk in the MCC-Spain study. Occup Environ Med. 2016;73:520-527.
doi:10.1136/0emed-2016-103597

Carter BD, Ryan Diver W, Hildebrand JS, Patel AV, Gapstur SM. Circadian
disruption and fatal ovarian cancer. Am ] Prev Med. 2014;46:534-541.
doi:10.1016/j.amepre.2013.10.032

Parent ME, El-Zein M, Rousseau MC, Pintos J, Siemiatycki J. Night work and
the risk of cancer among men. 4m J Epidemiol. 2012;176:751-759. doi:10.1093/
aje/kws318

Dun A, Zhao X, Jin X, et al. Association between night-shift work and cancer
risk: updated systematic review and meta-analysis. Front Oncol. 2020;10:1006.
doi:10.3389/fonc.2020.01006

Ye Y, Xiang Y, Ozguc FM, et al. The genomic landscape and pharmacogenomic
interactions of clock genes in cancer chronotherapy. Cel/ Syst. 2018;6:314-328.¢2.
doi:10.1016/j.cels.2018.01.013

WuY, Tao B, Zhang T, Fan Y, Mao R. Pan-cancer analysis reveals disrupted cir-
cadian clock associates with t cell exhaustion. Front Immunol. 2019;10:2451.
d0i:10.3389/fimmu.2019.02451

Diamantopoulou Z, Castro-Giner F, Schwab FD, et al. The metastatic spread of
breast cancer accelerates during sleep. Nazure. 2022;607:156-162. doi:10.1038/
s41586-022-04875-y

Sardon Puig L, Valera-Alberni M, Canté C, Pillon NJ. Circadian rhythms and
mitochondria: connecting the dots. Front Genet. 2018;9:452. doi:10.3389/
fgene.2018.00452

Akbari H, Taghizadeh-Hesary F, Heike Y, Bahadori M. Cell energy: a new
hypothesis in decoding cancer evolution. Arch Iran Med. 2019;22:733-735.

Kook Chun S, Fortin BM, Fellows RC, et al. Disruption of the circadian clock
drives Apc loss of heterozygosity to accelerate colorectal cancer. Sci Adv.
2022;8:eabo2389.

Wood PA, Yang X, Taber A, etal. Period 2 mutation accelerates ApcMin/+
tumorigenesis. Mo/ Cancer Res. 2008;6:1786-1793. doi:10.1158/1541-7786.
MCR-08-0196

Kettner NM, Voicu H, Finegold M], et al. Circadian homeostasis of liver metab-
olism suppresses hepatocarcinogenesis. Cancer Cell. 2016;30:909-924.
doi:10.1016/j.ccell.2016.10.007

Papagiannakopoulos T, Bauer MR, Davidson SM, et al. Circadian rhythm dis-
ruption promotes lung tumorigenesis. Ce// Metab. 2016;24:324-331.
doi:10.1016/j.cmet.2016.07.001

Stokes K, Nunes M, Trombley C, et al. The circadian clock gene, Bmall, regu-
lates intestinal stem cell signaling and represses tumor initiation. Cel/ Mol Gas-
troenterol Hepatol. 2021;12:1847-1872. doi:10.1016/j.jcmgh.2021.08.001

Fu L, Pelicano H, Liu J, Huang P, Lee CC. The circadian gene Period2 plays an
important role in tumor suppression and DNA damage response in vivo. Cell.
2002;111:41-50.

Chan AB, Parico GCG, Fribourgh JL, et al. CRY2 missense mutations suppress
P53 and enhance cell growth. Proc Natl Acad Sci U S A. 2021;118:¢2101416118.
doi:10.1073/pnas.2101416118

Shostak A, Ruppert B, Ha N, etal. MYC/MIZ1-dependent gene repression
inversely coordinates the circadian clock with cell cycle and proliferation. Na#
Commun. 2016;7:11807. doi:10.1038/ncomms11807

Altman BJ, Hsich AL, Sengupta A, et al. MYC disrupts the circadian clock and
metabolism in cancer cells. Cel/ Metab. 2015;22:1009-1019. doi:10.1016/j.
cmet.2015.09.003

Liu Z, Selby CP, Yang Y, et al. Circadian regulation of c-MYC in mice. Proc Natl
Acad Sci US 4. 2020;117:21609-21617. doi:10.1073/pnas.2011225117

ZhuY, Stevens RG, Hoffman AE, et al. Testing the circadian gene hypothesis in
prostate cancer: a population-based case-control study. Cancer Res. 2009;69:9315-
9322. d0i:10.1158/0008-5472.CAN-09-0648

Chu LW, Zhu Y, Yu K, et al. Variants in circadian genes and prostate cancer risk:
a population-based study in China. Prostate Cancer Prostatic Dis. 2008;11:342-
348. doi:10.1038/sj.pcan.4501024

Markt SC, Valdimarsdottir UA, Shui IM, et al. Circadian clock genes and risk
of fatal prostate cancer. Cancer Causes Control. 2015;26:25-33. doi:10.1007/
$10552-014-0478-2

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Chu LW, Till C, Yang B, et al. Circadian genes and risk of prostate cancer in the
prostate cancer prevention trial. Mo/ Carcinog. 2018;57:462-466. doi:10.1002/
mc.22770

Wendeu-Foyet MG, Koudou Y, Cénée S, et al. Circadian genes and risk of pros-
tate cancer: findings from the EPICAP study. Inz J Cancer. 2019;145:1745-1753.
doi:10.1002/ijc.32149

Wendeu-Foyet MG, Cénée S, Koudou Y, et al. Circadian genes polymorphisms,
night work and prostate cancer risk: findings from the EPICAP study. Inz ] Can-
cer. 2020;147:3119-3129. doi:10.1002/1jc.33139

Park SC, Park IG, Kim H, Lee JM. N-terminal domain mediated regulation of
ROral inhibits invasive growth in prostate cancer. Inz J Mol Sci. 2019;20:1684.
doi:10.3390/ijms20071684

Feng D, Xiong Q_, Zhang F, et al. Identification of a novel nomogram to predict
progression based on the circadian clock and insights into the tumor immune
microenvironment in prostate Front Immunol. 2022;13:777724.
d0i:10.3389/fimmu.2022.777724

Gu F, Zhang H, Hyland PL, et al. Inherited variation in circadian rhythm genes
and risks of prostate cancer and three other cancer sites in combined cancer con-
sortia. Int | Cancer. 2017;141:1794-1802. doi:10.1002/ijc.30883

Yu CC, Chen LC, Chiou CY, etal. Genetic variants in the circadian rhythm
pathway as indicators of prostate cancer progression. Cancer Cell Int. 2019;19:87.
doi:10.1186/512935-019-0811-4

Yue W, Du X, Wang X, et al. Prognostic values of the core components of the
mammalian circadian clock in prostate cancer. Peer/. 2021;9:¢12539. doi:10.7717/
peerj.12539

Chung WS, Lin CL. Sleep disorders associated with risk of prostate cancer: a
population-based cohort study. BMC Cancer. 2019;19:146. doi:10.1186/
$12885-019-5361-6

Rao D, Yu H, Bai Y, Zheng X, Xie L. Does night-shift work increase the risk of
prostate cancer? a systematic review and meta-analysis. Onco Turgets Ther.
2015;8:2817-2826. d0i:10.2147/0OTT.S89769

Sigurdardottir LG, Valdimarsdottir UA, Fall K, etal. Circadian disruption,
sleep loss, and prostate cancer risk: a systematic review of epidemiologic studies.
Cancer Epidemiol Biomarkers Prev. 2012;21:1002-1011. doi:10.1158/1055-9965.
EPI-12-0116

Li Q_, Xia D, Wang Z, et al. Circadian rhythm gene PER3 negatively regulates
stemness of prostate cancer stem cells via WNT/B-catenin signaling in tumor
Front Cell Dev Biol. 2021;9:656981. doi:10.3389/

cancer.

microenvironment.
fcell.2021.656981
Fedorova MS, Snezhkina AV, Lipatova AV, etal. NETO2 is deregulated in
breast, prostate, and colorectal cancer and participates in cellular signaling. Front
Genet. 2020;11:594933. doi:10.3389/fgene.2020.594933

NPAS2 gene—neuronal PAS domain protein 2. GeneCards. https://www.gen-
ecards.org/cgi-bin/carddisp.pl?gene=NPAS2.

Hoffman AE, Zheng T, Ba Y, Zhu Y. The circadian gene NPAS2, a putative
tumor suppressor, is involved in DNA damage response. Mo/ Cancer Res.
2008;6:1461-1468. doi:10.1158/1541-7786.MCR-07-2094

Mocellin S, Tropea S, Benna C, Rossi CR. Circadian pathway genetic variation
and cancer risk: evidence from genome-wide association studies. BMC Med.
2018;16:20. doi:10.1186/s12916-018-1010-1

Sato TK, Panda S, Miraglia L], etal. A functional genomics strategy reveals
Rora as a component of the mammalian circadian clock. Neuron. 2004;43:527-
537. d0i:10.1016/j.neuron.2004.07.018

Klar J, Asling B, Carlsson B, etal. RAR-related orphan receptor A isoform 1
(RORal) is disrupted by a balanced translocation t(4;15)(q22.3; q21.3) associated
with severe obesity. Eur.] Hum Genet. 2005;13:928-934. d0i:10.1038/sj.ejhg.5201433
Kopmels B, Mariani J, Delhaye-Bouchaud N, et al. Evidence for a hyperexcit-
ability state of staggerer mutant mice macrophages. [ Neurochem. 1992;
58:192-199.

Matsu-Ura T, Dovzhenok A, Aihara E, et al. Intercellular coupling of the cell
cycle and circadian clock in adult stem cell culture. Mo/ Cell. 2016;64:900-912.
doi:10.1016/j.molcel.2016.10.015

Parasram K, Bernardon N, Hammoud M, et al. Intestinal stem cells exhibit con-
ditional circadian clock function. Stem Cell Reports. 2018;11:1287-1301.
doi:10.1016/j.stemcr.2018.10.010

Perochon J, Carroll LR, Cordero JB. Wnt signalling in intestinal stem cells: les-
sons from mice and flies. Genes. 2018;9:138. doi:10.3390/genes9030138
Richardson RB, Mailloux R]. Mitochondria need their sleep: redox, bioenerget-
ics, and temperature regulation of circadian rhythms and the role of cysteine-
mediated redox signaling, uncoupling proteins, and substrate cycles. Antioxidants.
2023;12:674. d0i:10.3390/antiox12030674

Cajochen C, Kriuchi K, Wirz-Justice A. Role of melatonin in the regulation of
human circadian rhythms and sleep. J Neuroendocrinol. 2003;15:432-437.
doi:10.1046/j.1365-2826.2003.00989.x

Lozano-Lorca M, Olmedo-Requena R, Rodriguez-Barranco M, et al. Salivary
melatonin rhythm and prostate cancer: CAPLIFE study. J Urol. 2022;207:565-
572. doi:10.1097/JU.0000000000002294


https://www.genecards.org/cgi-bin/carddisp.pl?gene=NPAS2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=NPAS2

10

Clinical Medicine Insights: Oncology

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Sigurdardottir LG, Markt SC, Rider JR, et al. Urinary melatonin levels, sleep
disruption, and risk of prostate cancer in elderly men. Eur Urol. 2015;67:191-194.
doi:10.1016/j.eururo.2014.07.008

Zhou L, Zhang C, Yang X, etal. Melatonin inhibits lipid accumulation to
repress prostate cancer progression by mediating the epigenetic modification of
CES1. Clin Transl Med. 2021;11:¢449. d0i:10.1002/ctm?2.449

Siu SWF, Lau KW, Tam PC, Shiu SYW. Melatonin and prostate cancer cell
proliferation: interplay with castration, epidermal growth factor, and androgen
sensitivity. Prostate. 2002;52:106-122. doi:10.1002/pros.10098

Lissoni P, Cazzaniga M, Tancini G, etal. Reversal of clinical resistance to
LHRH analogue in metastatic prostate cancer by the pineal hormone melatonin:
efficacy of LHRH analogue plus melatonin in patients progressing on LHRH
analogue alone. Eur Urol. 1997;31:178-181. doi:10.1159/000474446

Zharinov GM, Bogomolov OA, Chepurnaya IV, Neklasova NYu, Anisimov VN.
Melatonin increases overall survival of prostate cancer patients with poor prog-
nosis after combined hormone radiation treatment. Oncotarget. 2020;11:3723~
3729. doi:10.18632/oncotarget.27757

Juan-Rivera MC, Martinez-Ferrer M. Integrin inhibitors in prostate cancer.
Cancers. 2018;10:44. doi:10.3390/cancers10020044

Tai HC, Wang SW, Swain S, et al. Melatonin suppresses the metastatic poten-
tial of osteoblastic prostate cancers by inhibiting integrin a2 B1 expression. ]
Pineal Res. 2022;72:¢12793. doi:10.1111/§pi.12793

Hall CL, Dubyk CW, Riesenberger TA, Shein D, Keller ET, Van Golen KL.
Type I collagen receptor (alpha2betal) signaling promotes prostate cancer inva-
sion through RhoC GTPase. Neoplasia. 2008;10:797-803. doi:10.1593/ne0.08380
Wu X, Daniels G, Lee P, Monaco ME. Lipid metabolism in prostate cancer. Am
J Clin Exp Urol. 2014;2:111-120.

Sinturel F, Spaleniak W, Dibner C. Circadian rhythm of lipid metabolism. Bio-
chem Soc Trans. 2022;50:1191-1204. doi:10.1042/BST20210508

Gooley JJ. Circadian regulation of lipid metabolism. Proc Nutr Soc. 2016;75:440-
450. do0i:10.1017/50029665116000288

Gnocchi D, Pedrelli M, Hurt-Camejo E, Parini P. Lipids around the clock:
focus on circadian rhythms and lipid metabolism. Biology. 2015;4:104-132.
doi:10.3390/biology4010104

Dang Q, Chen YA, Hsieh JT. The dysfunctional lipids in prostate cancer. Am ]
Clin Exp Urol. 2019;7:273-280.

Smolensky MH, Sackett-Lundeen LL, Portaluppi F. Nocturnal light pollution
and underexposure to daytime sunlight: complementary mechanisms of circa-
dian disruption and related diseases. Chronobiol Int. 2015;32:1029-1048. doi:10.
3109/07420528.2015.1072002

Dauchy RT, Hoffman AE, Wren-Dail MA, et al. Daytime Blue light enhances
the nighttime circadian melatonin inhibition of human prostate cancer growth.
Comp Med. 2015;65:473-485.

Garcia-Saenz A, De Miguel AS, Espinosa A, et al. Evaluating the association between
artificial light-at-night exposure and breast and prostate cancer risk in Spain (Mcc-
Spain Study). Environ Health Perspect. 2018;126:047011. doi:10.1289/EHP1837
Prostate cancer: statistics. Cancer.net. https://www.cancer.net/cancer-types/
prostate-cancer/statistics.

ZhuY, Zheng T, Stevens RG, Zhang Y, Boyle P. Does “clock” matter in prostate
cancer? Cancer Epidemiol Biomarkers Prev. 2006;15:3-5. doi:10.1158/1055-9965.
EPI-05-0631

Haim A, Portnov BA. Light Pollution and Its Associations with BCEPC in Popula-
tion-Level Studies. Dordrecht, The Netherlands: Springer Science + Business
Media; 2013.

Kloog I, Haim A, Stevens RG, Portnov BA. Global co-distribution of light at
night (LAN) and cancers of prostate, colon, and lung in men. Chronobiol Int.
2009;26:108-125. doi:10.1080/07420520802694020

GanY, LiL, Zhang L, et al. Association between shift work and risk of prostate
cancer: a systematic review and meta-analysis of observational studies. Carcino-
genesis. 2018;39:87-97. doi:10.1093/carcin/bgx129

Russart KLG, Nelson R]. Light at night as an environmental endocrine disrup-
tor. Physiol Behav. 2018;190:82-89. doi:10.1016/j.physbeh.2017.08.029
Rafnsson V, Hrafnkelsson J, Tulinius H. Incidence of cancer among commercial
airline pilots. Occup Environ Med. 2000;57:175-179. doi:10.1136/0em.57.3.175
Lozano-Lorca M, Olmedo-Requena R, Vega-Galindo MV, et al. Night shift
work, chronotype, sleep duration, and prostate cancer risk: CAPLIFE study. In#
J Environ Res Public Health. 2020;17:6300. doi:10.3390/ijerph17176300

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Schwartzbaum J, Ahlbom A, Feychting M. Cohort study of cancer risk among
male and female shift workers. Scand | Work Environ Health. 2007;33:336-343.
doi:10.5271/sjweh.1150

Akerstedt T, Narusyte J, Svedberg P, Kecklund G, Alexanderson K. Night work
and prostate cancer in men: a Swedish prospective cohort study. BMJ Open.
2017;7:¢015751. doi:10.1136/bmjopen-2016-015751

Dickerman BA, Markt SC, Koskenvuo M, et al. Sleep disruption, chronotype,
shift work, and prostate cancer risk and mortality: a 30-year prospective cohort
study of Finnish twins. Cancer Causes Control. 2016;27:1361-1370. doi:10.1007/
$10552-016-0815-5

Wendeu-Foyet MG, Menegaux F. Circadian disruption and prostate cancer risk:
an updated review of epidemiological evidences. Cancer Epidemiol Biomarkers
Prev. 2017;26:985-991. doi:10.1158/1055-9965.EPI-16-1030

Mancio J, Leal C, Ferreira M, Norton P, Lunet N. Does the association of pros-
tate cancer with night-shift work differ according to rotating vs. Fixed schedule?
a systematic review and meta-analysis. Prostate Cancer Prostatic Dis. 2018;21:337-
344. doi:10.1038/541391-018-0040-2

Kogevinas M, Espinosa A, Papantoniou K, et al. Prostate cancer risk decreases
following cessation of night shift work. Inz J Cancer. 2019;145:2597-2599.
doi:10.1002/ijc.32528

Gapstur SM, Diver WR, Stevens VL, Carter BD, Teras LR, Jacobs EJ. Work
schedule, sleep duration, insomnia, and risk of fatal prostate cancer. Am J Prev
Med. 2014;46:526-S33. doi:10.1016/j.amepre.2013.10.033

Rivera-Izquierdo M, Martinez-Ruiz V, Castillo-Ruiz EM, Manzaneda-Navio
M, Pérez-Gémez B, Jiménez-Moleén JJ. Shift work and prostate cancer: an
updated systematic review and meta-analysis. Int | Environ Res Public Health.
2020;17:1345. doi:10.3390/ijerph17041345

Swanson CM. Chronotherapy. In: Marcus and Feldman’s Osteoporosis. Vol. 2, 5th
ed. London, England: Academic Press; 2021:1459-1471.

Yang Y, Lindsey-Boltz LA, Vaughn CM, et al. Circadian clock, carcinogenesis,
chronochemotherapy connections. J Bio/ Chem. 2021;297:101068. doi:10.1016/j.
jbc.2021.101068

Sancar A, Van Gelder RN. Clocks, cancer, and chronochemotherapy. Science.
2021;371:eabb0738. doi:10.1126/science.abb0738

Hrushesky WJ. Circadian timing of cancer chemotherapy. Science. 1985;228:73-
75. doi:10.1126/science.3883493

Negoro H, Tizumi T, Mori Y, et al. Chronoradiation therapy for prostate cancer:
morning proton beam therapy ameliorates worsening lower urinary tract symp-
toms. J Clin Med. 2020;9:2263. doi:10.3390/jcm9072263

Hsu FM, Hou WH, Huang CY, et al. Differences in toxicity and outcome asso-
ciated with circadian variations between patients undergoing daytime and eve-
ning radiotherapy for prostate adenocarcinoma. Chronobiol Int. 2016;33:210-219.
doi:10.3109/07420528.2015.1130049

Chan S, Rowbottom L, McDonald R, et al. Does the time of radiotherapy affect
treatment outcomes? a review of the literature. Clin Oncol. 2017;29:231-238.
doi:10.1016/j.clon.2016.12.005

Sparasci D, Napoli I, Rossi L, et al. Prostate cancer and sleep disorders: a sys-
tematic review. Cancers. 2022;14. d0i:10.3390/cancers14071784

Savard J, Hervouet S, Ivers H. Prostate cancer treatments and their side effects
are associated with increased insomnia. Psychooncology. 2013;22:1381-1388.
doi:10.1002/pon.3150

Gonzalez BD, Small BJ, Cases MG, et al. Sleep disturbance in men receiving
androgen deprivation therapy for prostate cancer: the role of hot flashes and noc-
turia. Cancer. 2018;124:499-506. doi:10.1002/cncr.31024

Etedali A, Hosseni AK, Derakhshandeh A, Mehrzad V, Sharifi M, Moghaddas
A. Melatonin in the management of mood and sleep problems induced by andro-
gen deprivation therapy in prostate cancer patients: a randomized double-
blinded, placebo-controlled clinical trial. Iran J Pharm Res. 2022;21:¢128817.
doi:10.5812/ijpr-128817

Linder S, Hoogstraat M, Stelloo S, et al. Drug-induced epigenomic plasticity
reprograms circadian rhythm regulation to drive prostate cancer toward andro-
gen independence. Cancer Discov. 2022;12:2074-2097. doi:10.1158/2159-8290.
cd-21-0576

BMAL1 gene—basic helix-loop-helix ARNT like 1. GeneCards. https://www.
genecards.org/cgi-bin/carddisp.pl?gene=BMAL1#:~:text=GeneCards%20Sum-
mary%20for%20BMAL1%20Gene,and%20Gene%20expression%20
(Transcription).


https://www.cancer.net/cancer-types/prostate-cancer/statistics
https://www.cancer.net/cancer-types/prostate-cancer/statistics
https://www.genecards.org/cgi-bin/carddisp.pl?gene=BMAL1#:~:text=GeneCards%20Summary%20for%20BMAL1%20Gene,and%20Gene%20expression%20(Transcription)
https://www.genecards.org/cgi-bin/carddisp.pl?gene=BMAL1#:~:text=GeneCards%20Summary%20for%20BMAL1%20Gene,and%20Gene%20expression%20(Transcription)
https://www.genecards.org/cgi-bin/carddisp.pl?gene=BMAL1#:~:text=GeneCards%20Summary%20for%20BMAL1%20Gene,and%20Gene%20expression%20(Transcription)
https://www.genecards.org/cgi-bin/carddisp.pl?gene=BMAL1#:~:text=GeneCards%20Summary%20for%20BMAL1%20Gene,and%20Gene%20expression%20(Transcription)



