~ International Journal of
Molecular Sciences

Review

The Relationship between Circadian Rhythm and Cancer Disease

Camelia Munteanu !, Sabina Turti 1, Larisa Achim !, Raluca Muresan

102, Marius Souca 1, Eftimia Prifti 1,

Sorin Marian Marza >* and Ionel Papuc 2

check for
updates

Citation: Munteanu, C.; Turti, S.;
Achim, L.; Muresan, R.; Souca, M.;
Prifti, E.; Marza, S.M.; Papuc, I. The
Relationship between Circadian
Rhythm and Cancer Disease. Int. ].
Mol. Sci. 2024, 25, 5846. https://
doi.org/10.3390/ijms25115846

Academic Editor: Bojlul Bahar

Received: 6 April 2024
Revised: 25 May 2024
Accepted: 26 May 2024
Published: 28 May 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

Department of Plant Culture, Faculty of Agriculture, University of Agricultural Sciences and Veterinary
Medicine Cluj-Napoca, Calea Manastur 3-5, 400372 Cluj-Napoca, Romania;

camelia. munteanu@usamvcluj.ro (C.M.); alexandra.sabina.turti@student.usamvcluj.ro (S.T.);
larisa-daniela.achim@student.usamvcluj.ro (L.A.); raluca-maria.muresan@student.usamvcluj.ro (R.M.);
marius-viorel.souca@student.usamvcluj.ro (M.S.); eftimia.prifti@student.usamvcluj.ro (E.P.)

Faculty of Veterinary Medicine, University of Agricultural Sciences and Veterinary Medicine Cluj-Napoca,
Calea Manastur 3-5, 400372 Cluj-Napoca, Romania; ionel.papuc@usamvcluj.ro

*  Correspondence: sorinmarza@yahoo.com

Abstract: The circadian clock regulates biological cycles across species and is crucial for physiological
activities and biochemical reactions, including cancer onset and development. The interplay between
the circadian rhythm and cancer involves regulating cell division, DNA repair, immune function,
hormonal balance, and the potential for chronotherapy. This highlights the importance of maintaining
a healthy circadian rhythm for cancer prevention and treatment. This article investigates the complex
relationship between the circadian rhythm and cancer, exploring how disruptions to the internal
clock may contribute to tumorigenesis and influence cancer progression. Numerous databases are
utilized to conduct searches for articles, such as NCBI, MEDLINE, and Scopus. The keywords
used throughout the academic archives are “circadian rhythm”, “cancer”, and “circadian clock”.
Maintaining a healthy circadian cycle involves prioritizing healthy sleep habits and minimizing
disruptions, such as consistent sleep schedules, reduced artificial light exposure, and meal timing
adjustments. Dysregulation of the circadian clock gene and cell cycle can cause tumor growth,
leading to the need to regulate the circadian cycle for better treatment outcomes. The circadian clock
components significantly impact cellular responses to DNA damage, influencing cancer development.
Understanding the circadian rhythm'’s role in tumor diseases and their therapeutic targets is essential
for treating and preventing cancer. Disruptions to the circadian rhythm can promote abnormal cell
development and tumor metastasis, potentially due to immune system imbalances and hormonal
fluctuations.
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1. Introduction

Homeostasis in the human body is maintained by the complex and important inter-
connection between different systems in our body and the circadian cycle. This whole
mechanism plays a major role in synchronizing our bodies with the natural rhythms of
day and night [1]. However, recent research revealed that there is a strong connection
between disruptions to the circadian rhythm and the development of cancer. Cancer is
known to be one of the most fearful affections in the present [2]. Cancer diseases are a large
and heterogeneous group of malignant tumors, defined by the uncontrollable proliferation
of cells and their capability to spread in the whole human body [3]. In cancerous cells,
significant changes occur in the activity of signaling pathways, affecting a wide range of
cellular activities ranging from growth and proliferation to apoptosis, invasiveness, and
metastasis [4]. Research indicated a familial coaggregation of breast and prostate can-
cer across various ethnic groups, suggesting a potential genetic predisposition alongside
hormonal influences. Shared genetic abnormalities might play a role in the malignant
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transformation of mammary and prostatic epithelial cells. Furthermore, lifestyle and envi-
ronmental factors, including dietary habits, could also contribute to the occurrence of these
common cancers [5]. Colon and rectal cancer, like many epithelial neoplasms, exhibit a rise
in occurrence with advancing age. While variations in the incidence exist within countries,
they are generally overshadowed by more significant differences observed between nations.
The dietary habits prevalent in Western cultures, characterized by refined protein-rich and
high-fat foods, have been singled out as a potential factor contributing to the elevated rates
of colon and rectal cancer in these regions [6]. During a normal circadian cycle, the immune
system displays a biphasic shift, causing cytokines to be responsible for normal cellular
functioning. Cytokines are small proteins that cells secrete, and they play a key role in how
cells interact and communicate with each other [7]. When this rhythm deviates from its
normal functioning path, cytokines begin to be produced excessively, resulting in immune
system disturbances. These kinds of disturbances are known to be responsible for trigger-
ing tumors. Analyzing the unique cytokine profiles found in the tumor microenvironment
can offer valuable insights into cancer detection, prognostication, and treatment decisions.
By examining circulating cytokines alongside cancer-related parameters, we can enhance
our ability to diagnose cancers, predict disease progression, and optimize therapeutic
strategies [8]. Also, abnormal sleep-wake cycle fluctuations influence the production of
melatonin, which is directly responsible for regulating the expression of certain genes to
prevent tumor cell formation [9]. Understanding this specific relationship could lead to
improved treatment approaches and offer new opportunities for treating cancer.

However, there remains a noticeable gap in the literature concerning the intricate inter-
play between the circadian rhythm and cancer. Despite substantial research in both fields,
a significant inconsistency persists in our understanding of how circadian disruptions con-
tribute to cancer development, progression, and treatment outcomes. This gap underscores
the need for further investigation to elucidate the complex relationship between circadian
biology and cancer pathology.

2. Methods

This article investigates the complex relationship between the circadian rhythm and
cancer, exploring how disruptions to the internal clock may contribute to tumorigenesis
and influence cancer progression. Circadian rhythm disruption in patients with cancer is
examined to pinpoint any gaps in the specific literature. The primary research question is
as follows: "What is known about circadian rhythm disruption in cancer patients in terms
of its (1) elements, (2) frequency, (3) related factors, and (4) results?"

We utilized computer assistance to search many databases for articles: Web of Science,
MEDLINE, NCBI, CINAHL, Cochrane Library, and Scopus. The following search terms
were used: circadian rhythm, neoplasms/(cancer, tumor, neoplasm, malignant) and (ad-
vanced or metastasis or metastatic). All the authors searched relevant studies, which were
included if they were scientific articles and written in English. Regarding the publishing
year, there were no limitations. An additional manual search was carried out using the
reference lists of relevant papers.

3. How Circadian Physiology Works

Circadian clocks represent an evolutionarily conserved mechanism operating at the
molecular level to temporally regulate physiological processes, thereby maintaining internal
homeostasis. This regulatory system plays a pivotal role in orchestrating numerous vital
biological functions. The circadian clock comprises two primary components: the central
clock, housed within the brain suprachiasmatic nucleus (SCN), and peripheral clocks
distributed throughout various tissues and organ systems. External indicators, such as
light signals and feeding rhythms, entrain the central circadian clock, which subsequently
synchronizes the peripheral clocks [10]. The molecular mechanism of the circadian clock
can be described by the Transcription-Translation Oscillator (TTO) loop.
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Comprising three fundamental elements—inputs, the oscillator, and outputs—the
circadian system operates on both the systemic and cellular levels [11]. In mammals, the
suprachiasmatic nucleus (SCN) situated within the hypothalamus serves as the "master
clock," synchronizing with the environmental light-dark cycle by integrating signals from
the autonomic nervous system’s efferent and neuroendocrine pathways. During the sleep—
wake cycle, the immune system undergoes a biphasic shift in activity tied to the T-helper
cell cytokine balance of T-helperl (Th1) and T-helper2 (Th2) [12]. Th1 cytokines (e.g., IL-2,
IFNvy, and IL-12) persist in the early hours of the night, while Th2 cytokines (e.g., IL-4
and IL-10) become more prominent in the late stages of sleep or just before awakening.
This temporal shift entails an initial augmentation of Thl activity during the early sleep
phase, followed by a moderate increase in IFN-y /IL-4-producing Th cells, culminating in
the predominance of Th2 activity in the latter stages of sleep. Disruption of this pattern
results in dysregulated cytokine production, leading to immune disturbances, chronic
inflammation, and tissue damage [13].

The homeostatic physiology of the circadian rhythm, or the sleep-wake cycle, controls
sleep. The alternations in an organism’s body, mind, and behavior that occur over 24 h
are known as circadian rhythms. Circadian rhythms are primarily influenced by light
and dark, but they are also influenced by temperature, food consumption, stress, physical
activity, and social surroundings [14]. Important bodily functions are impacted by circadian
rhythms, including the sleep-wake cycle, hormone secretion, heart rate, blood flow to the
kidneys, immune system reaction to antigens, and many more. Therefore, an endogenous
timing system is required to regulate these circadian variations or cycles [15].

The circadian clock’s pacemaker is assumed to be situated in the suprachiasmatic
nuclei (SCN). They are in the anterior-ventral region of the hypothalamus, directly above
the optic chiasm [16]. The retinohypothalamic tract (RHT), which sends light information
from the retina directly to a subset of SCN neurons, is responsible for this circadian clock
reset [15]. Axons from the retinal ganglionic cells send impulses to the optic nerve, or
cranial nerve II, during the light cycle, activating the suprachiasmatic nucleus (Figure 1).

Suprachiasmatic nucleus Tk S e
suprachiasmatic nucleus

Figure 1. The connection between melatonin secretion and circadian rhythm. The suprachiasmatic
nuclei (SCN), which are located immediately above the optic chiasm in the anterior-ventral area of
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the hypothalamus, are believed to include the pacemaker of this clock. This circadian clock reset
comes about through the retinohypothalamic tract (RHT), which sends light information directly from
the retina to a subset of SCN neurons. A pineal hormone known as melatonin is most abundant in the
blood at night and least prevalent during the day. Its secretion is governed by a rhythm-generating
process in the SCN, which is regulated by light. Melatonin is not only regulated by the circadian
oscillator but also provides the oscillator with a feedback signal for darkness. Bilateral structure of
the SCN and its “core” and “shell” subregions with vasoactive intestinal peptide (VIP) and gastrin-
releasing peptide (GRP) in the light-responsive core and arginine vasopressin (AVP)-expressing cells
in the shell; optic chiasm (OC); the 3rd cerebral ventricle (V3).

The influence of the paraventricular nucleus is subsequently inhibited by a signal
sent by the SCN via the inhibitory neurotransmitter gamma-amino-butyric acid (GABA).
The sympathetic nervous system is then inhibited by axons that convey impulses from
the intermediate lateral column to the superior cervical ganglion [17] Axons from the
paraventricular nucleus are sent through the intermediolateral nucleus (IML) to the supe-
rior cervical ganglion, where they stimulate the sympathetic nervous system and cause
drowsiness [18]. As night falls, the retinal ganglion cells receive a signal to inhibit the SCN,
which activates the paraventricular nucleus. Melatonin is secreted into the bloodstream by
the activation of the pineal gland [19].

Melatonin, a pineal hormone, is highest in the blood at night and lowest during the
day. A rhythm-generating mechanism in the SCN controls its secretion and lightly regulates
this system. In addition to being controlled by the circadian oscillator, melatonin also serves
as a feedback signal for darkness, feeding back into the oscillator (Figure 1) [20]. Melatonin
can synchronize the circadian cycle and have a soporific effect. It also plays a significant
role in controlling the body temperature rhythm [21]. Many abnormalities of the circadian
rhythm affect the melatonin rhythms. Treatment with melatonin is beneficial in treating
conditions such as delayed sleep phase syndrome and jet lag [22].

The circadian activity of the SCN directly impacts the rhythmic secretion of numerous
other hormones. The SCN directly regulates the secretion of vasopressin (AVP) into the
cerebrospinal fluid. AVP acts as both a neurotransmitter within the SCN and an autocrine
regulator, pacing neuronal activity. Acetylcholine (ACh) is among the neurotransmitters
implicated in circadian rhythmicity and is released during wakefulness. Additionally, the
SCN coordinates the release of glucocorticoid hormones, including adrenocorticotropic
hormone (ACTH) and cortisol. Circadian rhythms also influence the secretion of insulin,
ghrelin, leptin, and adiponectin [1].

The physiological responses of SCN cells to light primarily begin with glutamate
activating the NMDA receptors in retinorecipient cells. This typically enhances the firing
rate of these cells, triggering multiple intracellular cascades. These include elevations in the
intracellular calcium levels, activation of various kinases, and phosphorylation of CREB,
all contributing to the regulation of gene expression induced by light [23].

A strong correlation exists between the endogenous circadian component of the sleep
propensity rhythm and the endogenous melatonin rhythm. Melatonin administration
appears to have the following effects: (i) suppresses the circadian pacemaker’s drive for
wakefulness; (ii) induces sleep when the homeostatic drive to sleep is insufficient; and (iii)
causes phase shifts in the circadian clock, causing the circadian phase of increased sleep
propensity to occur at a new, desired time. Thus, exogenous melatonin has the potential to
function as a chronobiotic, a chronohypnotic, or a soporific [24].

Interestingly, the majority of completely blind individuals have irregular circadian
rhythms [25]. They may not be able to engage in photic entrainment due to aberrant retinal
processing and /or a malfunctioning RHT. Their circadian rhythms—which include the
regularity of melatonin production—should thus have a pattern other than a 24-h cycle
under this situation (Figure 1). It has been shown that the blind may experience free-
running cycles for temperature, cortisol, melatonin, and, to a lesser extent, sleep. Studies
have identified four distinct groups among blind individuals based on their circadian
rhythms: (1) those who are regularly entrained to a 24-h cycle; (2) those with irregular
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entrainment to a 24-h cycle; (3) individuals exhibiting free-running rhythms lasting 24 h or
less, and (4) those classified as unstable, displaying no discernible pattern in their circadian
rhythms [26].

Many hormones have different levels throughout the day and at night. Certain
hormones, including Growth Hormone (GH), are significantly impacted by sleep, whereas
the circadian-timing system regulates other hormones more strongly [27]. The following
factors affect GH secretion: body composition, fitness, sleep patterns, age, gender, and sex
steroid hormones. Over a day, spontaneous GH secretion peaks at night and is closely
linked to slow-wave sleep. At night, especially during slow-wave sleep, the GH response
to an intravenous bolus injection of GHRH is at its highest. Given that GH secretion
peaks at night when people are kept awake, circadian rhythms may have an independent
effect on GH secretion from sleep [28]. Moreover, cortisol secretion pulses. A circadian
rhythm controls the amplitude and frequency of these cortisol secretory pulses. Because
of an increase in the frequency and amplitude of the cortisol secretory pulses, circulating
cortisol concentrations are at their highest in the early morning hours right before waking.
Throughout the day, the cortisol secretory pulse amplitude gradually drops until nightfall,
when the cortisol concentrations are relatively low [29]. Contrary to nocturnal sleep, diurnal
sleep was unable to inhibit the release of cortisol, demonstrating that sleep only inhibits
cortisol release within a particular spectrum of entrainment instead of at any stage of the
circadian rhythm [30].

Thus, the circadian rhythm is important in maintaining the body’s homeostasis. In
general, maintaining good circadian rhythms is crucial for maintaining a general physio-
logical and metabolic balance due to the complex interactions between the circadian timing
system, sleep—wake cycles, and hormone control. Knowing these connections can help
guide treatments that address hormone imbalances and circadian disturbance, eventually
leading to improved health and well-being.

A class of genes known as lock genes encode proteins that are part of the molecular
machinery of the circadian rhythms, which are internal biological clocks that control
physiological activities that occur every day. These genes are essential for coordinating
the cyclical expression of many downstream target genes related to hormone secretion,
metabolism, and other oscillatory daily processes in cells [31-33]. Clock genes control
the body’s circadian rhythm through complicated biochemical processes. Transcriptional—-
translational feedback loops, which are mediated by certain clock genes and their protein
products, are important to the circadian clock [34]. These loops involve the interplay
between genes such as Clock, Bmall, Per (Period), and Cry (Cryptochrome), which regulate
their expression and activity over a 24-h cycle [33]. Members of the basic helix-loop-helix
(bHLH)-Period-Arnt-Single-minded (PAS) gene transcription family, Circadian Locomotor
Output Cycles Kaput (CLOCK) and Brain and Muscle ARNT-like 1 (BMAL1), are among the
positive factors in the major feedback loop. Target genes with E-box cis-regulatory enhancer
sequences, such as Period (in mice, PER1, PER2, and PER3) and Cryptochrome (Cry1 and
Cry2), are heterodimerized by CLOCK and BMAL1. This results in the transcription of
these genes [35-38].

Negative feedback plays a pivotal role in maintaining the oscillatory nature of clock
gene expression. This negative feedback loop involves the interaction between the PER
(Period) and CRY (Cryptochrome) proteins and the CLOCK: BMAL1 transcriptional com-
plex [36,39,40]. Reverse-erb alpha (Rev-erbo) and Retinoic acid receptor-related orphan
receptor alpha (Ror ), two retinoic acid-related orphan nuclear receptors, have their tran-
scription activated by CLOCK: BMALL1 heterodimers, resulting in the induction of another
regulatory loop [41-43]. Certain DNA sequences (E-box elements) in the promoters of tar-
get genes, such as Per (Period) and Cry (Cryptochrome), are bound by the CLOCK-BMAL1
heterodimer [33]. CLOCK-BMAL1 stimulates the transcription of the Per and Cry genes by
binding to E-box sites [32]. The messenger RNA (mRNA) produced by the transcription of
the Per and Cry genes is translated into the PER and CRY proteins in the cytoplasm [44].
The PER and CRY proteins combine to create complexes in the cytoplasm that grow over
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time. The nucleus is where the PER/CRY complexes translocate [45]. By suppressing the
CLOCK-BMALL1 heterodimer s transcriptional activity inside the nucleus, the PER and CRY
proteins close the feedback loop and regulate their expression. The day—night cycle results
in the breakdown of the PER and CRY proteins [46]. The inhibition of CLOCK-BMALI1 is
stopped when the levels of PER and CRY drop, enabling the cycle to repeat with a roughly
24-h interval [47]. Numerous post-translational changes, such as phosphorylation and
ubiquitination, affect clock genes and the protein products they produce, controlling the
genes’ stability, activity, and subcellular localization [48,49]. These adjustments adjust the
clock genes’ circadian rhythm control in terms of the timing and accuracy. The expression
of downstream target genes involved in the immunological response, hormone production,
metabolism, and other physiological functions is regulated by clock genes [50]. Clock-
regulated genes express themselves rhythmically, coordinating cellular functions with the
daily cycle of light and dark to maximize physiological reactions to external stimuli [51].

4. The Impact of Irregular Circadian Rhythms on Different Diseases

As previously highlighted, the circadian rhythm is generated by networks of molecular
oscillators in the brain and peripheral tissues that interact with environmental and behav-
ioral cycles to promote the occurrence of sleep during the night [52]. Dysfunction in the
24-h circadian rhythm is a common occurrence in aging adults. However, circadian rhythm
disruptions are more severe in people with age-related neurodegenerative diseases, includ-
ing Alzheimer’s disease-related dementias and Parkinson’s disease. Manifestations differ
according to the type and severity of the neurodegenerative disease and, for some patients,
occur before the onset of typical clinical symptoms of neurodegeneration [53]. Compared
with healthy adults of the same age, patients with moderate to severe Alzheimer’s disease
have been considered to have much more severe circadian disruptions, including higher
levels of sleep fragmentation, reduced amplitude of circadian rhythmicity, and shifts in
both bedtime and wake times to later in the day, known as a “phase delay” [54]. Irregular
circadian rhythms are often associated with sleep disorders such as insomnia, delayed sleep
phase disorder, and shift work sleep disorder. These conditions can disrupt the quantity
and quality of sleep, leading to fatigue, impaired cognitive function, and increased risk of
accidents [55]. Damage to the endogenous circadian clock and its synchronization with the
round-the-clock social and physical environment are both present in demented individuals.
Multiple sleep disorders emerge from this, such as rapid eye movement (REM) sleep disor-
der, excessive daytime napping, numerous nightly awakenings, delayed initiation of sleep,
and night-time roaming [56].

It can be difficult to treat sleep and circadian disruptions in adults with dementia. De-
spite significant progress in comprehending the pathophysiology of the disorders through
the circadian rhythm sciences, there are not many empirical data to support successful
treatment recommendations (Table 1).

Table 1. Diseases related to circadian rhythm disruptions.

Circadian

. . Diseases Effects References
Disruptions
Alzheimer’s Neurodegeneration [52]
Insomnia, Delayed sleep phase disorder, Shift Weariness, Deteriorated cognitive
: . . [22,54]
work sleep disorder performance, Increased accident risk
Disruption of regulation of appetite hormones Overeating, Weight gain [55]

Impairing of glucose metabolism and

. . A Increased risk of diabetes [57]
insulin sensitivity

Hypertension, Heart disease, Stroke

Affects vascular function, inflammation, and

blood pressure regulation 581

Cancer Increased risk of prostate and breast cancers [59,60]
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To develop therapies and ascertain their success in treating patients with dementia,
more study is required. Research indicates that the combination of timed light exposure,
increased physical and social activities, and sleep hygiene (a planned sleep regimen) can at
least partially treat circadian abnormalities. Lately, combining light treatment with a small
amount of melatonin has also demonstrated a favorable impact. The multi-component
combined modality paradigm can be applied to all dementia patients, even if further
research is required to determine the best time and dosage [57]. Abnormal sleep-wake
patterns are a basic symptom of mood disorders such as seasonal affective disorder, major
depressive disorder and bipolar diseases, and this is indeed one of the primary diagnostic
criteria utilized in clinical practice. Furthermore, abrupt disruptions to the sleep-wake
cycle might trigger mood disorders. There are now hundreds of research studies that show
a link between having a late chronotype (a preference for evening over early activities) and
developing a mood disorder. For example, a study of over 2000 persons in the Netherlands
discovered a strong connection between a late chronotype and depression/anxiety, even
after controlling for sociodemographic, somatic health, and sleep-related characteristics,
which was mostly driven by those suffering from depression. Interestingly, having a late
time frame was associated with worse health outcomes and an even higher risk of all
causes of mortality. This was found in a large study in the United Kingdom (433,268 adults)
that compared definite evening types with definite morning types in terms of a wide
range of health-related issues. The associations were strongest for psychological disorders
and a late chronotype over other health issues [61]. Following that, studies have found
that dysregulated circadian rhythms may play a role in the development of metabolic
disorders such as metabolic syndrome, diabetes, and obesity. Disrupted sleep patterns
can affect the regulation of appetite hormones, leading to overeating and weight gain.
Additionally, circadian disruption can impair glucose metabolism and insulin sensitivity,
increasing the risk of diabetes [58]. Another increased risk of cardiovascular illness is being
linked to abnormal circadian rhythms according to a growing body of data. Hypertension,
heart disease, and stroke have been linked to circadian misalighment and disrupted sleep
habits (Table 1). This could result from how circadian rhythms affect vascular function,
inflammation, and blood pressure regulation [59].

Sleep deprivation and disruption are frequent in today’s society. The American
Academy of Sleep Medicine and the Sleep Research Society recommend that people need
at least 7 h of sleep per day to stay healthy and functional. However, it is uncertain if more
than 9 h or less than 7 h of sleep are problematic. Numerous studies have found that a
short sleep time is associated with obesity. Longer wakeful times should theoretically result
in higher energy expenditure and weight loss, yet short sleep durations typically induce
weight gain. It has been proposed that a change in physical activity and a rise in food
intake mediate the contradictory link between human obesity and insufficient sleep [62].

Increased food intake during sleep disruption can occur through a variety of mech-
anisms. In human research, sleep deprivation causes alterations in the hormones that
stimulate appetite and hunger, such as ghrelin. In comparison to average sleepers, short
sleepers typically have lower levels of leptin, higher levels of ghrelin, and higher weights.

Eating at night is nevertheless linked to unintended weight gain when food is readily
available overnight. Another study revealed that individuals who slept later had higher
BMIs (body mass indexes) and consumed more calories after 8:00 PM. They also consumed
fewer fruits and vegetables. Night eating syndrome is linked to a higher BMI and binge
eating inclinations. It is defined as not wanting to eat breakfast, consuming >50% of daily
energy after 7:00 P.M., and experiencing sleep issues > three nights per week [62].

The most important aspect is the risk of cancer due to circadian rhythm diseases.
Unusual circadian rhythm has been linked to an increased risk of several cancers, according
to the data. An increased risk of colon, prostate, and breast cancers has been linked to
circadian misalignment and disrupted sleep patterns. This may be because circadian cycles
affect hormone control, DNA repair systems, and cell proliferation [60,63].
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Circadian rhythms regulate the timing of cell division and DNA repair mechanisms.
Disruption to this rhythm can lead to the improper timing of these processes, increasing
the likelihood of DNA damage accumulation and mutations, which are key factors in
cancer development. From another perspective, circadian rhythms influence the secretion
of hormones such as melatonin, cortisol, and growth factors, which play a crucial role in
cell growth, proliferation, and apoptosis (cell death) [64].

Alterations in these hormonal rhythms can affect the balance between cell proliferation
and cell death, potentially promoting cancer development (Table 1). At the same time,
circadian rhythms also regulate the activity of the immune system, including the function
of immune cells such as T cells and natural killer cells. The immune system’s capacity to
recognize and eradicate cancer cells can be weakened by circadian rhythm disorder [65,66].

The most convincing evidence for circadian changes in skin wound repair was ob-
tained through rhythmic manipulation of fibroblast mobilization. In a study of mouse skin
explants collected at different times, wounds healed much faster whether the skin was
harvested and wounded at night or during the mouse active phase. Further investigation of
the synchronized fibroblast monolayer culture revealed that the increase in healing ability
was due to the higher actin assembly efficiency in the invading fibroblasts approaching
the wound site. The analysis of the fibroblast proteome indicated that actin lamellipodia
assembly was controlled through a cell-intrinsic circadian clock [67].

The gut is another system sensitive to circadian regulation of regeneration, with the
complete epithelial layer regenerated every five days. Circadian cycles have long been
researched to regulate the intestinal epithelial turnover, most commonly in the context of
researching the influence of light entrainment and feeding—fasting cycles on the overall
proliferative synchronization. Light is the decisive factor in proliferation synchronization;
nevertheless, food treatment can impact rhythmicity in the absence of light signals. Recent
research has identified multiple circadian regulatory mechanisms in the regeneration of
intestinal epithelia, particularly after injury from gastrointestinal (GI) illnesses. Many
epidemiological studies have discovered that many diseases are aggravated by circadian
rhythm disruption (CRD), such as jet lag, lack of rest, working in shifts, and changes in
food and physical activity [67].

Another important factor in cancer prevention is avoiding exposure to artificial light
at night, such as that from electronic devices or street lights, which can affect the body’s
natural circadian rhythms by suppressing the production of melatonin, a hormone involved
in regulating sleep—wake cycles that exhibits anticancer properties. Reduced levels of
melatonin have been associated with an increased risk of certain types of cancer, including
breast and prostate cancer [68,69].

Therefore, it is essential to prioritize healthy sleep habits and minimize disruptions to
our circadian rhythms as much as possible. This can include maintaining a consistent sleep
schedule, reducing exposure to artificial light before bedtime, and creating a sleep-friendly
environment. Additionally, techniques such as light therapy and adjusting meal times can
help to realign circadian rhythms when they become disrupted due to factors like jet lag or
shift work.

5. Cancer Genetics: The Mechanisms

The World Health Organization identified circadian disruption as a probable carcino-
gen, piquing curiosity about how altering sleep patterns encourages the growth of tumors.
In epidemiologic studies, circadian rhythm alterations have been linked to an increased
risk of cancer, including cancers of the prostate, breast, colon, liver, pancreas, ovary, and
lung. Moreover, a lack of circadian regulation is linked to early cancer patient mortality
and inadequate anticancer treatment efficacy [70].

Interestingly, sleep, mood disorders, obesity, diabetes, and cancer are all linked to
changes in the circadian rhythm caused by eating at night, not getting enough sleep, or
chronic jet lag. The expression and activity of several tumor suppressors and oncogenes
in both host and tumor tissues are significantly altered by circadian rhythm disturbances
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caused by genetic and environmental factors. Additionally, circadian disruptions can
rearrange the host metabolism and immune systems, instigating an immunosuppressive
tumor microenvironment in multiple cancer types [71].

A recent study has demonstrated a direct correlation between apoptosis and the core
circadian clock. Circadian factors, depending on the cellular context and clock status, can
both promote and restrict apoptosis, as was seen with cell cycle regulation. Cryptochrome
(CRY1/2), which is a photoreceptor involved in the circadian clock, and period circadian
regulator 1 (PER1) affect the intrinsic apoptotic pathway and the extrinsic tumor necrosis
factor alpha-dependent pathway, respectively, in terms of encouraging cell death [72].

Furthermore, it has been reported that at least 14 core clock genes form multiple chain
feedback loops that provide the molecular clock with its intrinsic circadian rhythmicity. A
greater number of studies have shown a strong correlation between the risk of cancer and
circadian gene dysfunction caused by single nucleotide polymorphisms (SNPs), deletions,
epigenetic modification, and deregulation to the role that clock genes play in the genesis
and spread of cancer [73].

Of course, attention has been paid to their possible clinical applications as therapeutic
targets and predictive biomarkers. The primary circadian pacemaker and the brain’s master
clock in mammals is the SCN. It can detect light signals and then transfer them to peripheral
clock systems in the liver, muscles, skin, and other tissues. This triggers the transcription
factors, which in turn drives the paracrine expression of tissue-specific genes [74].

For example, three homologous proteins are encoded by the mammalian period genes:
Period regulation 1, 2, and 3. Period Circadian Regulator 2 plays a crucial role in limiting
the growth of cells by modulating the expression of multiple genes that are downstream,
including Cyclin B1 (CCNB1), which is a protein involved in mitosis, Cyclic D1, which is a
protein-coding gene (CCND1), and the TP53 gene that provides instructions for making a
protein called tumor protein TP53. It is the primary target of selection pressures in tissues
exposed to carcinogens or oncogenic changes due to the suppression proliferation and
regulates the survival of stressed cells. Consequently, a selection mechanism inherent to the
normal course of cancer could be responsible for the clonal proliferation of cells harboring
TP53 mutations [75]. As an essential component of facilitating DNA repair, p53 stops the
cell cycle, allowing the repair system adequate time to stabilize the genome. Furthermore,
p53 plays several roles that directly affect the functioning of several DNA-repair mech-
anisms [76]. In the majority of cell types, most data related to p53-associated metabolic
activities support the hypothesis that p53 prefers oxidative phosphorylation (OXPHOS)
over glycolysis, even though in specialized cells like pancreatic 3-cells or hepatocytes,
P53 enhances glycolysis and inhibits respiration [77]. According to this theory, p53 de-
ficiency plays a role in cancer cells” metabolic reprogramming toward a more glycolytic
profile. To facilitate glucose absorption, p53 either inhibits the transcription of SLC2A1/4,
which encodes the glucose transporters GLUT1/4, or limits IKK-NF-kB activation, which
results in a reduction in GLUT3 expression [77,78]. Additionally, p53 suppresses glycol-
ysis by controlling the transcription of other genes that either directly or indirectly affect
glycolysis, such as TIGAR, RRAD, PFKFB3/4, and the gene SLC16A1 that encodes the
monocarboxylate transporter 1 (MCT1) [79]. The involvement of p53 in this metabolic
pathway also includes post-transcriptional mechanisms, which include the downregulation
of the glycolytic enzyme phosphoglycerate mutase (PGM) and the regulation of miR-34a, a
microRNA that targets multiple glycolytic enzymes [80,81]. Simultaneously, OXPHOS is
promoted by p53 through multiple complementary pathways. First, by downregulating
pyruvate dehydrogenase (PDH) kinase (PDK2), a negative regulator of the PDH com-
plex (PDC) that transforms pyruvate into Acetyl Coenzyme A (AcCoA) to maintain the
tri-carboxylic acid (TCA) cycle, p53 promotes pyruvate oxidation in mitochondria [82].
Restoring p53 function has been demonstrated to raise the x-Ketoglutarate («KG) levels
in pancreatic cancer models, demonstrating the significance of p53 in supplying glucose-
derived pyruvate to the TCA cycle. Cancer cells” epigenome is modified and driven toward
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a more malignant state by p53 loss, which also changes the activity of aKG-dependent
chromatin-changing enzymes by altering the «KG/succinate ratio [83] (Figure 2).

REGULATION OF METABOLISM
BY PS3 IN CELLS
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Figure 2. p53 controls the metabolism in cells that are proliferating. p53 suppresses phosphoglyc-
erate mutase (PGM), hexokinase, TP53-induced glycolysis, and apoptosis regulator (TIGAR), and
it represses glucose transporters 1 and 4 (GLUT1 and GLUT4). These actions prevent glycolysis
from occurring and counteract the Warburg effect, which is observed in many malignancies. The
synthesis of glutaminase 2 (GLS2) and cytochrome c oxidase 2 (SCO2) is induced by p53, which
increases oxidative phosphorylation. Using IKK/NF-«B signaling, p53 can also control the glycolytic
pathway. The Warburg effect is also affected by miRNA dysregulation. miR-143 regulates glycolysis.
The miR-200 family controls phosphoglucose isomerase, which is also connected to carcinogenesis.
GLUT1 mRNA is a direct target of miR-378a, which limits carcinogenesis and suppresses glucose
metabolism in PCa cells. miR-378 influences the TCA cycle in breast cancer. (FAc), fatty acid; TCA,
tricarboxylic acid cycle; (=), inhibition; (+), stimulation.

Because PER1 and PER2 are involved in the DNA damage response pathways, ab-
normal expressions of them may result in cancer. BMALI is widely linked to aging,
cardiovascular disease, immunological disorders, and cancer. Several investigations have
found that BMALL1 regulates the cell cycle and proliferation. CRYs are flavoproteins that
respond to blue light and may be found in both plants and mammals. SCN has a high CRY1
expression level, and mice with removed SCN exhibit enhanced tumor development. CRY2
has a unique role in controlling DNA damage repair and genomic stability [73] (Figure 3).
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Figure 3. The development of cancer characteristics has been attributed to changes in the circadian
rhythm. Circadian rhythms and the cell cycle: DNA replication and the cell cycle present a particular
circadian pattern. Circadian rhythms are seen in the expression of DNA replication and cell cycle
regulators. Furthermore, different cell cycle genes are modulated by circadian cycle genes. This
way, three concepts are tightly regulated: DNA damage response, repair, and circadian rhythms.
Cryptochrome 1/2 (CRY1/2). Also, numerous metabolic functions, including the tricarboxylic
cycle (TCA) and glucose, are changed by an adequate circadian rhythm. In addition, due to the
modification of the malignant medium, vascular endothelial growth factor (VEGF), hypoxia-inducible
factor 1-alpha (HIF1«x) is highly expressed.

Crucially, the interaction between the circadian clock system and metabolism—which
causes metabolic dysrhythmia and circadian rhythm disorder in cancer cells—is mediated
by oncogenic factors. One of the primary metabolic regulators that propels cancer is
oncogenic MYC. It functions as a transcription factor by binding to the genome’s E-box
sites, which are the same as the binding sites of the heterodimeric transcription factor
CLOCK-BMALI1 [73].

Throughout tumorigenesis, the transitions between different stages of the cell cycle
(G1, S, G2, and M) and different checkpoints are changed. Through the control of cell cycle
regulators, circadian rhythm genes are involved in the regulation of the DNA replication
program and the rhythmic response to DNA damage. Numerous investigations have
demonstrated that the cell cycle checkpoints between the G1/S and G2/M transitions are
regulated by the circadian mechanism. Consequently, in cancer, circadian modification
may coexist with disruption of the cell cycle. Disruptions to the circadian rhythm in the
environment seem to enhance the establishment of distant metastases. These factors can
produce inflammatory cytokines and neurotransmitters, activate macrophages, decrease
immunological responses, and cause angiogenesis [84].

One important means of cell survival in nutrient-limited environments is autophagy.
Animals exhibit diurnal oscillations of autophagy in sync with their circadian cycle because
of short-term fasts that induce autophagy. The circadian clock, which is found in nearly
all mammalian cell types that have been examined to date, controls the expression of
several genes at different times of the day, gating cell functions like proliferation, glycolysis,
and food intake. It is unclear at this time whether autophagy in mammalian cells is



Int. J. Mol. Sci. 2024, 25, 5846

12 of 37

directly regulated by the circadian clock or if autophagy may contribute to the cycling of
mammalian cell clocks. However, the connection between autophagy and circadian cycles
is a fascinating topic for further research and has implications for a number of human
disorders, including aging, neurodegeneration, and cancer [85].

6. Circadian Rhythmicity

Living organisms exhibit rhythmic variations in their behavior and metabolism every
24 h, which serve to anticipate environmental changes. These fluctuations are governed
by a sophisticated molecular mechanism known as the circadian clock, which orchestrates
the expression of numerous genes to maintain proper bodily function [86]. Additionally,
circadian clock genes have been found to regulate autophagy, and disruption of these genes
can lead to dysregulated autophagy and an increased cancer risk [87].

In particular, it has been demonstrated that overexpression of CLOCK enhances the
expression of genes related to angiogenesis, including vascular endothelial growth factor
(VEGF), hypoxia-inducible factor 1-alpha, (HIF1«x), and basic helix-loop-helix (BMAL1),
which is a tumor suppressor (Figure 2). Therefore, by triggering the transcription of
RAB27A, a crucial molecule involved in exosome secretion, BMAL1 also seems to contribute
to the promotion of metastasis in colorectal cancer [88]. It is important to mention that
many types of solid tumors are characterized by hypoxia, a condition whereby cancer cells
proliferate quickly to create massive solid tumor masses, which limit and compress the
blood arteries surrounding the tumor cells. The central tumor areas frequently receive
inadequate oxygenation due to the malfunctioning of these aberrant blood vessels [89]. In
this hypoxic area, tumor cells start to adjust to the low level of oxygen by switching on
several survival mechanisms. The most well-known mechanism used by hypoxia cells in
this hostile milieu is the activation of the HIF-1 transcription factor [90]. Activated HIF-1
plays a crucial role in the adaptive responses of the tumor cells to changes in oxygen through
transcriptional activation of over 100 downstream genes, which regulate vital biological
processes required for tumor survival and progression. Examples include genes involved
in glucose metabolism, cell proliferation, migration, and angiogenesis [91]. Through the
overexpression of glucose transporters (GLUTs), which increase glucose import into tumor
cells, and the activation of enzymes involved in the glycolysis pathway, HIF-1 mediates this
metabolic conversion [92]. An additional example is the HIF-1 transcriptional activation
of multiple pro-angiogenic factors, including vascular endothelial growth factor (VEGF).
This process promotes the formation of new blood vessels, which supply tumor cells with
the oxygen necessary for their growth [93]. Furthermore, by transcriptionally activating
neoplastic growth factors, including transforming growth factor beta3 (TGF-£33), epidermal
growth factor (EGF), and others, HIF-1 facilitates tumor migration into more distant and
more oxygenated tissues [94]

Also, endogenous (~22nt) RNAs, known as miRNAs, can regulate a wide range of
biological activities [95]. miRNAs (micro) are implicated in energy metabolism, specifically
in the metabolism of fats and carbohydrates as well as the production of amino acids,
according to considerable data [96]. Malignant cells may potentially alter their metabolism
in order to prevent apoptosis and to encourage the growth and survival of their cells.
The most well-studied metabolic phenotype of cancer cells is the Warburg effect, which
is caused by miRNA dysregulation and increases glycolysis. Hexokinase 2 (HK2), for
example, phosphorylates glucose to produce glucose 6-phosphate (G6P), which provides
glucose to the glycolytic process. This is one way that miR-143 regulates glycolysis [97].
Furthermore, it has been demonstrated that the miR-200 family, which consists of miR-200a,
miR-200b, and miR-200c, regulates phosphoglucose isomerase, which is also connected
to carcinogenesis [98]. Also, it was discovered that GLUT1 mRNA is a direct target of
miR-378a, which limits carcinogenesis and suppresses glucose metabolism in PCa cells
through numerous pathways. According to this, inhibiting GLUT1 reduces glycolysis,
which results in cell death [99]. Likewise, miR-378 influences the TCA cycle in breast
cancer [100]. Nevertheless, an increasing amount of data indicate that miRNAs play a
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significant role in the metabolic control of immune cells in cancer. The phosphoinositide
3-kinase (PI3K)/protein kinase B (AKT) network is a signaling system that controls glucose
metabolism by decreasing phosphatase and tensin homolog (PTEN) activities. miRNAs
might exert an effect on this pathway, which is located in the inflammatory zone (FIZZ) of
M2 macrophages and can upregulate the expression of IL-4, IL-10, transforming growth
factor-beta (TGF-3), and arginase [101,102] (Figures 2 and 3).

Studies have demonstrated the role that circadian clock gene dysregulation plays in
the development of cancer and other illnesses. The prognosis may perhaps be improved
by restoring the circadian rhythms, as disrupting them speeds up the spread of tumors.
When compared to normal breast tissues, sporadic and familial breast tumors exhibit lower
expression levels of the PER1 and PER2 genes. When comparing sporadic and known
forms of breast cancer, the expression levels of the PER1 gene are lower, indicating that
the hereditary form of the illness may be caused by a possible disruption to the circadian
rhythm. Breast cancer cells may survive if the promoters of the PER1 and CRY1 genes are
methylated since this will prevent these genes from being expressed and will interfere with
the circadian rhythm of cells [73].

Aging, a family history of the condition, and race are the only known risk factors for
prostate cancer. Perhaps a new risk factor for prostate cancer is circadian disturbance. The
findings of population-based case-control research support the hypothesis that genetic
differences in circadian genes are linked to the development of prostate cancer. In a normal
prostate, there are diurnal oscillations in the expression of clock genes and the androgen
receptor. PER1 suppresses the androgen receptor’s transcriptional activity, and it appears
that prostate cancer is partly caused by the clock gene’s downregulation [103].

Also, numerous cancers, including prostate, breast, colon, liver, pancreatic, ovarian,
and lung cancers, have been closely linked to animal models of genetic disruption of CC
genes. The expression of the CLOCK protein in tumor cells is significantly decreased in
Wilms tumors, a rare kind of kidney cancer that mostly affects children. This suggests
that the circadian clock molecular axis may be disturbed in dedifferentiation-mediated
embryonal tumors [104].

Moreover, previous studies have indicated that people in modern society have sus-
tained a sub-health lifestyle change, including excessive calorie intake at midnight or
continuous caloric intake over the 24 h throughout the day, which mimics aspects of shift
work and potentially promotes the prostate and breast cancer risk. Impressively, an impor-
tant element of the circadian clock is the rest/activity rhythm due to its large influence on
the treatment of metastatic colorectal cancer patients, who have a poor quality of life with
unpredictable intervals of rest/activity [13].

Nevertheless, circadian rhythms are formed by fluctuations in clock gene expression
over 24 h. Almost every type of cell activity, including those involved in energy metabolism,
cell division, proliferation and apoptosis, ion channels, and signal transduction, has a signif-
icant circadian rhythm, according to a comparison of transcripts in both normal and tumor
cells from different organs and tissues at different time points and assayed using DNA
microarray technology. Circadian rhythms not only synchronize and coordinate sophisti-
cated physiological processes but also allow a system to reset in response to environmental
stimulus, resulting in better adaptability to the environment. Another notable fact is that
clock genes influence around 50% to more than 80% of the genes in the mammalian genome.
These genes, known as clock-controlled genes (CCGs), include the oncogene c-Myc (regula-
tor of cellular metabolism and proliferation) and the tumor suppressor gene p53. CCGs
encode a variety of protein products and incorporate cellular rhythmic information. Among
them are E-box regulatory elements. Circadian clock genes can have a direct or indirect role
in tumor growth by influencing the expression of downstream CCGs involved in cell cycle
control, DNA damage repair, cell proliferation and apoptosis, and tumor immunity [13]
(Figures 2 and 3).

In another recent study, it was shown that the circadian rhythm transcription factors
BMAL1 and CLOCK were demonstrated to be essential for the formation of leukemia stem
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cells in acute myeloid leukemia (AML), and disruption of circadian pathway components
might cause anti-leukemic effects [105]. This investigation used shRNA silencing of BMALL1
and CLOCK, or pharmacological suppression of BMALI transcription, to disturb the
integrity of the circadian rhythms in both murine and human AML cells, resulting in
myeloid differentiation and impaired cell cycle progression. This study identified a unique
pro-tumorigenic function of circadian clock genes in AML [105,106] (Figure 2).

However, earlier investigations have demonstrated that the core circadian clock genes
are more likely to behave as tumor suppressors in leukemias, where the downregulated
expression of the majority of the genes was detected [106]. As SUMOylation, a process
in which SUMO proteins are covalently attached to a specific lysine of BMALI, has been
shown to control the circadian clock, and the deregulated methylation status of circadian
clock genes has also been demonstrated in various types of cancers, the mechanisms of
transcriptional and epigenetic regulation are considered critical for a better understanding
of the circadian clock regulation and deregulation during leukemogenesis [106,107].

In conclusion, the circadian clock genes and cell cycle work together to maintain a
healthy cell function and the malfunction of the gene can lead to tumor growth and can have
a big impact on cell homeostasis. The fundamental linkages between circadian rhythms
and carcinogenesis have sparked interest in regulating these cycles to avoid malignant
transformation, produce more effective medicines or innovative adjuvant methods, and,
ultimately, improve cancer patients’ treatment outcomes.

7. The Circadian Clock’s Molecular Pathways in the Development of Cancer

Specifically, changes in circadian rhythms caused by genetics and environmental
factors significantly affect the expression and function of several suppressor genes and
cancer genes in the host tissues and the tumor, favoring the development and proliferation
of cancer cells [108]. An immunosuppressive tumor microenvironment can be promoted
in several cancer types by circadian disturbances that rewire the host metabolism and
immune systems. Thus, circadian rhythms are becoming a priority for cancer prevention
and treatment in light of their roles in the development and propagation of cancer [109,110].

Mammals have their repressors, Period (PER) and Cryptochrome (CRY), whose tran-
scription is cyclically driven by the basic helix-loop-helix ARNT-like 1 (BMAL1) and
circadian locomotor output cycles kaput (CLOCK) transcriptional activator complex. The
retinoic acid receptor-related orphan receptor (ROR) o/ 3 activator proteins and the REV-
ERBot/ 3 repressor preserve the periodic expression of BMALL in the second loop, which is
complementary to the core oscillator [44]. The molecular clockwork regulates temporal pro-
grams via multiple clock output genes and core regulatory loops. It is mediated by various
types of epigenetic and post-translational regulation that involve different kinases and phos-
phatases, ubiquitin-proteasome pathway components, nuclear-cytoplasmic transporters,
noncoding RNAs, and chromatin remodelers. The brain and peripheral organ systems
maintain this molecular clockwork, forming a body-wide circadian network [111,112].

Clock genes regulate key components of the cell cycle machinery. For instance, the
circadian clock modulates the expression and activity of cyclins, cyclin-dependent kinases
(CDKs), and checkpoint proteins such as p53. Disruption to circadian rthythms can lead
to dysregulation of cell cycle progression, increasing the risk of genomic instability and
tumorigenesis [113].

Clock genes play a role in coordinating the DNA damage response pathway. Compo-
nents of the DNA repair machinery, including ATM (ataxia telangiectasia mutated) and
CHK2 (checkpoint kinase 2), exhibit circadian oscillations. Disruption to the circadian clock
can impair DNA repair processes, resulting in the accumulation of mutations and genomic
instability, which are hallmarks of cancer [114].

Circadian rhythms influence apoptotic pathways by regulating the expression of
pro-apoptotic and anti-apoptotic factors. Clock genes modulate the activity of apoptotic
proteins such as the Bcl-2 family members and caspases. Dysregulation of the circadian



Int. J. Mol. Sci. 2024, 25, 5846

15 of 37

clock can disrupt the balance between cell survival and apoptosis, contributing to tumor
cell evasion of programmed cell death [115,116].

Understanding the molecular details of how clock genes interact with cancer pathways
provides insights into the underlying mechanisms linking circadian disruption to cancer
development and progression. Targeting these pathways may offer novel therapeutic
strategies for cancer treatment by restoring circadian rhythms and preventing tumor growth
and metastasis [117].

As mentioned above, many physiological, pharmacological, molecular, and human
behaviors correspond to circadian rhythms [118-120]. One example of this is cortisol’s
diurnal variation. Another is the pineal gland, which is the primary source of melatonin
(N-acetyl-5-methoxytryp tamine). This indoleamine hormone is synthesized from serotonin
via the tryptophan-serotonin pathway. The amount of melatonin that is produced varies
based on signals from the brain’s circadian regions. It has an impact on pituitary and
adrenal hormones, including cortisol, immune system regulation, sleep facilitation, and cir-
cadian rhythm regulation [121]. Exposure to light throughout the night, particularly in this
period, disturbs the circadian system, which has been linked to cancer development [122].
Melatonin production is likewise suppressed and circadian genes are dysregulated. Cancer-
related pathways are modulated when melatonin binds to its receptor, MT-1. One way to
understand night-shift work is as an indirect indicator of exposure to night-time light. In the
retina-neuroanatomical system, cryptochromes, which are molecular circadian photorecep-
tors in animals, exhibit varying regional expression patterns. They operate as chromophore
cofactors for the electromagnetic signal that is delivered to the circadian molecular clock
through the absorption of light by pterin and flavin adenine dinucleotide. They share
structural similarities with the enzyme photolyase, which repairs DNA [123]. In contrast
to visual photoreceptors based on opsin, cryptochrome circadian regulator 1 (CRY1) and
cryptochrome circadian regulator 2 (CRY2) express differently in the retina. Axons from
some ganglion cells in the retina go through the retinohypothalamic tract, which emerges
from the optic chiasm’s dorsal surface and connects to the SCN. Through crosstalk interac-
tion mediated by vasoactive intestinal polypeptide (VIP) and other neurotransmitters, its
neurons are intricately linked and synchronized as an organ [74,124,125].

The link between circadian disruptions and cancer etiology has also been supported
by the results of multiple investigations using animal models exposed to forced circadian
desynchrony regimens. It has been demonstrated that the circadian clock can be altered by
SCN ablation or experimental chronic jetlag (CJL), which involves an 8-h increase in the
cycle of light and darkness once every 2 days and markedly accelerates the growth rates
of transplanted tumors (pancreatic adenocarcinoma and Glasgow osteosarcoma (GSC))
in a mouse model study [126]. Thus, cancer cells may represent an excellent subject for
treatment since they tend to be more susceptible than healthy cells to a disruption of
clock genes in terms of proliferation [127,128]. Most CRY and REV-ERB agonists effectively
prevent the growth of primary GSCs, which are a useful model system for patient variability.
Therefore, it would be noteworthy to investigate these agonists in a larger cohort of patient-
derived systems in the future. This way, further examination of their subtype specificity
and the potential impact of genetic changes and intra-tumor heterogeneity would be
better analyzed.

Meal timing is just one aspect of circadian disturbance and its connection to carcino-
genesis. It is not limited to light exposure at night. Further evidence that interfering with
the biological clock may contribute to the appearance of cancer can be found in a large
cohort investigation with individuals from France, which found a correlation between the
chance of developing breast or prostate cancer and the late intake of the last meal [129]. A
significant amount of time between the previous meal and sleep was similarly linked to
a decreased risk of prostate and breast cancer according to another study [130]. It is note-
worthy that the majority of research on environmental circadian disturbance and cancer
focuses on prostate and breast cancer, suggesting a potential hormonal connection.
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Considering the mentioned studies, it can be concluded that there is a close con-
nection between the circadian clock’s molecular pathways and the development of can-
cer disease, confirmed by the advancement of this pathology when the molecular clock
components change.

8. Growth and Multiplication of Cancer Cells Are Regulated throughout the
Circadian Clock

Cells are the main components of tissues and organs in humans. They multiply
by replicating, and after that, they divide into new cells [131]. In malign tumors, the
fundamental characteristic of cancer cells is their capacity to proliferate in an uncontrolled
manner, continuously [132]. Also, cancer cells manage to spread throughout the whole
human body. Not only the lymphatic system but also the endocrine system plays an
important role in the dissemination of cancer cells. Additionally, the lymphatic system
transmits information to the cells through hormones. Thus, equally important is the
immune system, which defends the organism [131].

A variety of physiological and behavioral functions in response to the 24-h environ-
mental fluctuations that occur on Earth are regulated by the SCN, which is the area known
to be the main stimulator in the mammalian circadian clock [133]. In this sense, CLOCK
and BMALI1 are core clock genes, which regulate the expression of numerous target genes
in a circadian manner [134]. However, in gene expression patterns and related functions,
CLOCK and BMALL, the circadian transcription factors, are the primary drivers of circadian
oscillations, as they are present in nearly every cell of the body [133]. Furthermore, these
genes may have a tumor-suppressive role in humans and rodents [72]. Even so, increased
cancer susceptibility is also located in clock genes rs117104877, rs2290035, rs2278749, and
rs969485 in BMAL1 and rs3749474 and rs11943456 in CLOCK [72]. While many cancer cell
types continue to exhibit oscillations of the circadian clock, it was shown that deregulation
of the key clock genes PER1, PER2, PER3, CRY1, CRY2, BMAL1, and CLOCK occurs in
certain human malignancies. Period (PER) and Crypto-chrome (CRY) are proteins that
are referred to as negative regulators of the circadian clock because they can suppress the
transcriptional activation capacity of CLOCK and BMAL [135] (Figure 4).
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Figure 4. Disrupted circadian rhythm and molecular pathways in the development of cancer. By
blocking NF-«B and HIF1«x from translocating to the nucleus, melatonin inhibits pathways related to
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survival and inflammation via binding to the MT1 and MT2 receptors. To activate the transcription
of clock-controlled genes (CCGs), ROR«, REV-ERB«, CRY (1-2), PER (1-3), and BMAL1 and CLOCK
heterodimerize and bind to the E-box. BMAL and CLOCK heterodimer inhibition by CRY and PER
creates the main negative feedback loop. BMALL’s transcription is inhibited by REV-ERBa, while
ROR« is activated in the secondary feedback loop.

For example, glioma, hepatocellular carcinoma, head and neck squamous cell carci-
noma, myeloid leukemia, colorectal, pancreatic, gastric, oral, breast, and non-small-cell
lung malignancies all have changed expression levels of PER1, PER2, and PER3. Changes
in clock gene expression have also been observed in urological malignancies, including
tumors of the prostate, bladder, and kidney. The majority of the clock and clock-associated
genes are expressed differently in distinct cancer types according to genomic research.
A study conducted by Kinouchi et al. [136] showed that the PER1 gene was found to be
suppressed in glioma, breast and prostate cancers, and PER?2 in leukemia, lung, and stom-
ach cancer. Moreover, PER3 was found to be suppressed in colorectal cancer. Regardless,
an increase in PER3 expression was observed in acute lymphoid leukemia. Also, tumor
growth can be suppressed and apoptosis can also be induced by overexpression of PER1 in
cell lines [136]. Equally important, the CRY family genes were also found to have complex
roles in cancer types. In colorectal cancer cells, increased CRY1 was associated with tumor
advancement [137]. On the other hand, breast cancer is correlated with better survival in
high expression levels of CRY2 [138]. In contrast, in liver cancer, a low level of CRY2 was
directly proportional to a shorter survival [139]. Papillary and follicular thyroid carcinoma
were also associated with lower levels of CRY2 [140].

In a study conducted on mice by Yang et al. [141], the involvement of PER1 in the
growth and proliferation of breast cancer cells has been investigated. They concluded that
the circadian clock, which has two daily peaks and troughs, controls the growth rate of
breast cancer. These peaks and troughs are correlated with the daily expression patterns of
clock-controlled genes that oversee cell proliferation. At specific times of the day, PER1 has
a tumor suppressor function that diminishes the proliferation of cancer cells and tumor
growth. The circadian amplitude of the two daily tumor growth peaks is improved by a
decrease in PER1 expression (Figure 3). Thus, PER1 promotes the growth of cancer cells
in vitro and tumors in vivo. Likewise, the clock gene PER2 in mammalians is responsible
for inhibiting the formation of tumors and the proliferation of cancer cells, both in vivo and
in vitro [141].

Furthermore, another study has proved that clock genes were downregulated in tu-
mors and B16 cells, which are melanoma cell lines of murine origin. However, therapies
that induced circadian rhythmicity, like heat shock, forskolin, and dexamethasone, stimu-
lated the expression of rhythmic clock and cell cycle genes, leading to a decrease in S-phase
cells and an increase in G1-phase cells [142]. As a result, there was a slowdown in the
growth of tumors in vivo and B16 proliferation in vitro. Similar changes were reported
in HCT-116, isolated human colon cancer cells from an adult male. Even so, neither an
increase in apoptosis nor an improvement in immune cell recruitment to the tumor was
the cause of dexamethasone’s effects. Dexamethasone’s effects on tumor growth and cell
cycle events were inhibited in B16 tumors by knocking down the key clock gene BMALLI.
The tumor-intrinsic circadian clock mediates the effects of dexamethasone on the cell cycle
and tumor growth. Therefore, a strategy for the control of cancer progression might be the
enhanced circadian clock function [142].

The degradation of oncoproteins like E2F, a transcription factor that regulates the
expression of genes in cell proliferation, TLK2 (tousled-like kinase 2), cell cycle arrest, and
apoptosis in cancer is promoted by the increased expression or activity components of the
circadian clock (CLOCK, BMAL1) [71,143]. The circadian clock also controls DNA repair,
EMT (epithelial-mesenchymal transition), metabolism, and inflammation.

Circadian rhythms play a crucial role in regulating DNA repair processes, ensuring
their optimal function in response to environmental and endogenous cues. Research has
shown that various components of the DNA repair machinery, such as nucleotide excision
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repair (NER), base excision repair (BER), and double-strand break repair (DSB), exhibit
rhythmic patterns of activity, peaking at different times of the day [144].

For instance, studies have demonstrated that the expression and activity of key DNA
repair genes, including those involved in NER and BER, are under the control of circadian
clock genes. These clock genes regulate the transcription of DNA repair genes, thereby
modulating the efficiency of the DNA repair processes in a time-of-day-dependent man-
ner [145].

Moreover, disruption to circadian rhythms, either experimentally or due to factors such
as shift work or jet lag, can impair the DNA repair capacity and increase the susceptibility
to DNA damage-induced mutations. This dysregulation of DNA repair has been implicated
in various health conditions, including cancer, neurodegenerative diseases, and aging.

Understanding the intricate relationship between circadian rhythms and DNA repair
systems is crucial for elucidating the mechanisms underlying disease development and for
developing novel therapeutic strategies. Harnessing the rhythmic nature of DNA repair
processes may hold promise for optimizing the timing of cancer treatments, reducing the
risk of genomic instability, and improving overall health outcomes [146].

Correspondingly, it prevents the transformation and the spread of tumors by maintain-
ing the temporal homeostasis of cells. As a result, numerous biological functions regulate
the clock mechanism, causing interconnections throughout the pathways. A complex
correlation between the circadian clock genes and cell proliferation is suggested by studies,
but further research is needed for a better understanding of regulating tumorigenesis using
the circadian clock genes [147].

Recent studies have revealed that the deregulation of GSK3b (glycogen synthase
kinase 3 beta) promotes tumor cell survival, proliferation, invasion, and resistance to
chemo- and radiation therapy in humans by inhibiting p53 (tumor suppressor protein) and
RB (retinoblastoma) tumor suppressors, inducing intracellular NF-kB (nuclear factor kappa-
light-chain-enhancer of activated B cells) signaling, Cyclin D1 (promotes G1/S cell cycle
progression) overexpression, and local chronic inflammation [148]. Tumor cell survival is
sustained by GSK3b in many cancer types, such as pancreatic [149], non-small-cell lung
carcinoma [150], renal cell carcinoma [151], and chronic lymphocytic leukemia B cells [152].
The activity of GSK3b exhibits robust circadian rhythm in both SCN and peripheral tissues,
suggesting that GSK3b may also indirectly target PER2 in the mammalian molecular clock.

Combining the previously presented findings, it appears that the molecular clock
rhythmically paces the essential physiological pathways that promote cell proliferation
and prevent tumor growth, associating cell proliferation with mammalian daily physiol-

ogy [153].

9. Cancer and the Roles of Circadian Clock Components

Activities that interfere with the endogenous balance through external circadian
signals have become more prevalent as the world has become more industrialized. This
alteration in lifestyle has been associated with a higher risk of all types of illnesses, including
cancer, in humans [154]. Many studies have shown that the loss of circadian homeostasis
in the energy balance, immunological response, and aging is closely linked to cancer
development in vivo [147]. These effects are reinforced by cellular processes critical for
tumor suppression, such as metabolism, senescence, cell division, and DNA damage
response [153].

The circadian clock plays a pivotal role in modulating cellular responses to DNA dam-
age, encompassing processes such as repair, checkpoints, and apoptosis [155]. Cells activate
surveillance mechanisms termed DNA damage checkpoints, which intricately regulate
the progression of the cell cycle by arresting or decelerating its course. These checkpoint
signaling pathways within mammalian cells are well-characterized, notably the ATR —
Chk1(checkpoint 1) pathway, elicited by UV-mimetic agents and compounds impeding
replication fork progression, and the ATM — Chk2 (checkpoints 2) pathway, primarily
induced by double-strand breaks resulting from ionizing radiation (IR) and radiomimetic
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agents [156]. Upon recognition by the ATM and ATR sensor kinases, facilitated by acces-
sory proteins, the damage signal is transduced to Chk1 and Chk2 kinases via mediators.
Effector proteins such as tumor protein p53 [157], Cell Division Cycle 25 (Cdc25) [158],
and Cell Division Cycle 45 (Cdc45) undergo phosphorylation by these signal-transducing
kinases. Consequently, the phosphorylation of these proteins leads to the inhibition of two
crucial kinases, Cell Division Cycle 2 kinase (Cdc2), and Cyclin-Dependent Kinase 2 (Cdk?2),
inducing cell cycle arrest. Importantly, the DNA damage checkpoint response not only
arrests the cell cycle but also instigates specific DNA repair pathways aimed at reinstating
replication forks and rectifying double-strand breaks [159].

Circadian clocks, regulated by both genetic and epigenetic factors, exhibit self-sustaining
oscillations synchronized to environmental cues [160]. Recent advancements have shed
light on the intricate interplay between the circadian clock and epigenetic plasticity. This
mutual correlation is evident in histone modifications, noncoding Ribonucleic Acid (RNA)
production—primarily microRNA (miRNA)—and genomic DNA methylation, all of which
are influenced by the circadian clock [161]. Conversely, these epigenetic mechanisms exert
indirect and direct effects on clock output genes, modulating the cyclic transcription and
translation of core circadian genes (Figure 3). Significant insights have emerged concerning
the interconnection of the circadian clock, epigenetics, and cancer, particularly in breast, col-
orectal, and hematologic malignancies. Aberrant methylation of circadian gene promoters and
dysregulated miRNA production have been implicated in altering circadian gene expression
and the 24-h expression oscillation tempo [162].

The immune system represents a complex network of physiological processes geared
toward protecting the body against non-self-substances, encompassing cancer cells and
pathogens such as bacteria, viruses, and parasites. Circadian clocks are ubiquitously present
in the majority of cell types, inclusive of immune system cells [163].

Additionally, daily oscillations characterize the synthesis and release of key immune
mediators, including cytokines, chemokines, and cytolytic factors, alongside the temporal
gating of immune responses via pattern recognition receptors. Consequently, disruptions
to circadian rhythms lead to perturbations in immunological responses, underscoring the
critical role of circadian regulation in maintaining immune homeostasis [65].

The body’s myriad cells are equipped with circadian clocks, pivotal for synchro-
nizing physiological functions and behavioral patterns with diurnal rhythms. Within
the hypothalamic—pituitary—adrenal (HPA) endocrine axis, glucocorticoids—produced by
the adrenal cortex—regulate responses to acute and chronic stress [164]. Crucially, the
circadian rhythm of glucocorticoid secretion, orchestrated downstream of the SCN, coor-
dinates peripheral clocks and rhythms. The research underscores glucocorticoids’” potent
anti-inflammatory properties and their influence on immune cells, suggesting an intimate
interplay between stress and circadian systems in immune regulation [66]. Cell prolifer-
ation is one of the biological processes governed by circadian rhythm, and it frequently
exhibits asynchrony between normal and malignant tissues [165]. This asynchrony serves
as one of the theoretical cornerstones for cancer chronotherapy and emphasizes the role of
the circadian clock in tumor suppression in vivo.

New therapeutic targets may result from research into the processes by which the
circadian clock regulates biological activities, including cell proliferation [166]. Chronother-
apy in cancer treatment involves timing anticancer medications based on circadian rhythms
to enhance effectiveness and minimize harm to healthy tissues [167,168]. While conven-
tional chemotherapy often falls short of achieving full remission in many cases, clinical
trials conducted across multiple centers have demonstrated the therapeutic efficacy of
chronotherapy [169]. Specifically, chronotherapeutic regimens utilizing oxaliplatin have
proven safe and effective in treating metastatic colorectal cancer, leading to unprecedented
long-term survival rates. This approach presents promising avenues for expanding can-
cer treatment options and optimizing the development of new supportive or anticancer
medications [167].
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As shown, a strong relationship exists between the circadian clock components and
modulating cellular responses to DNA damage, including repair, checkpoints, and apopto-
sis. Thus, it can be stated that circadian clock components specifically affect the develop-
ment and proliferation of cancer disease (Figure 3).

10. How Do Clock Components Affect Particular Types of Cancer?

During a normal circadian cycle, the immune system displays biphasic shift, which
maintains the equilibrium of T-helper1 (Th1) cell-derived cytokines: IL-2, IL-12, INFN-y,
and T-helper2 (Th2) cell-derived cytokines: IL-4, IL-10 [12,13]. In the first hours of sleep,
the Th1 activity is enhanced and accompanied by the moderate promotion of interferon
(IEN)-y/IL-4-producing Th cells, while the activity of Th2 dominates in the last part of
sleep or even before waking up [13,170]. Once this rhythm is interrupted, cytokines begin
to be excessively produced, resulting in disturbances to the immune system. This fact
inevitably leads to chronic inflammation and tissue damage [13,170]. Different cytokines,
like TNF-«, TGF-$3, IL-10, and especially IL-13 and IL-6, were demonstrated to be in-
volved in the crosstalk complex between cancer initiation/progression and sleep-wake
cycles [13,171,172]. Notable, IL-13, which gains access through passive diffusion, was
shown to be a key mediator affecting rhythmical behavior [13,173].

Interestingly, numerous studies have proven that this type of rhythm disturbance,
associated with low levels of melatonin (a tumorigenesis initiation suppressor and inhibitor
of cancer cell lines) [174,175], which are most often present among shift workers, over
time leads to a much higher risk of developing breast cancer among women and prostate
cancer among men [147,176]. Regarding breast cancer, circadian genes like NPAS2, CLOCK,
RORA, RORB, and PER3 are responsible for the formation and activation of this type of
cancer [177,178].

Peptonska et al. [177] conducted a cross-sectional study about this kind of disease
and how is it linked to the chronotype (morning and evening chronotype). Following
this study, they concluded that prolonged (more than 15 years) night shifts could be
associated with a higher level of estradiol in the morning chronotype in the case of post-
menopausal women [179,180]. Hurley et al. also found that individuals with a definite
evening chronotype were more susceptible to developing mammalian cancer than those
with a clear morning chronotype [180,181]. Estradiol represents a major source of estrogenic
activity. This is mainly converted in estrone through the 173-hydroxysteroid dehydro-
genase. Estrone is subsequently metabolized by two major pathways [182,183]: through
the 2-hydroxylase pathway to the catechol estrogens and through the 16x-hydroxylase
pathway to 16c-hydroxy-estrone, and then estriol 16x-hydroxy-estrone subsequently binds
covalently to proteins and nucleotides following the Heyns rearrangement [184]. This type
of binding was postulated to result in a prolonged estrogenic effect [185,186]. The catechol
estrogens also bind weakly to the estrogen receptor and are considered to be weak estro-
gens, especially in breast cancer. Formation of these estrogens depends on a cytochrome
P450 mono-oxygenase (present in most tissues). They can be formed in estrogen-dependent
tissues such as the breast [187].

As is well known, cancer cells exhibit impaired expressions of core clock genes. That
is how deregulations of cell proliferation, metabolism, induction, invasion, and migration
are produced [188-190]. Regarding prostate cancer (PCan), various clock genes, such as
ARNTL, CLOCK, BMAL1, Ckle, CRY1, CRY2, Npas2, and PER1-3, are found to be involved
in this type of carcinoma [153,190,191]. The polymorphisms of these genes advance the
development of this kind of tumoral cell [192]. A study conducted by Chu et al. [191]
showed that low levels of the PER3 gene, and different variants of the CRY2 gene, are
directly related to the expression of PCan [191]. In this case, the melatonin receptor located
in the SNC is the one that regulates PER, CRY, BMAL1, and ROR«x gene expression to
prevent the appearance of tumoral cells [192] (Table 2).
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Table 2. Gene expression related to different types of cancer.
Gene Type of Cancer Effects References
PER3, .
CRY2 Prostate cancer Expression of PCan [191]
BMALI1, Prevent the appearance
ROR«x Prostate cancer of tumoral cells [192]
NPAS2, CLOCK, RORA, Expression of breast
RORB, Breast cancer P essaon Or cas [177,178]
PER3 cance

Therefore, melatonin is the one that enhances PER2 and CLOCK and decreases BMAL1
in this type of carcinoma [193]. Androgens, especially testosterone, are synthesized in the
testicles. However certain fragments of androgen hormones are produced in the reticular
zone of adrenal glands. This type of hormone binds to the androgen receptors (ARs) to
perform their normal function. Different mutations of ARs determine the aggressiveness
of PCan [194,195]. In this case, melatonin mediates the nuclear exclusion of ARs and
even blocks their activity. This determines AR mislocalization, from which the antitumor
effect results [196]. Also, in normal values, melatonin decreases follicle-stimulating hor-
mone (FSH) and luteinizing hormone (LH) secretion. This effect decreases hypothalamic—
pituitary—gonadal (HPG) axis-mediated gonadal steroidogenesis [197]. Thus, suppression
of steroidogenesis in males can inhibit the growth of PCan [198]. Moreover, cancer cell pro-
gression is linked to metabolic reprogramming (Table 2). The prostate is a glandular tissue
that secretes citrate in prostatic fluid. Normal cells use glucose for citrate synthesis but
never for citrate-oriented metabolism and oxidative phosphorylation. Instead, abnormal
cells need this type of oxidative process to proliferate [199,200].

Tumoral cells express GLUT1 (a transmembrane protein responsible for the facilitated
diffusion of glucose across a membrane) as an optimal source of glucose [201]. Thus, mela-
tonin inhibits metabolic alteration to prevent the survival of cancer cells. It competitively
binds with GLUT1 and suppresses its expression [200,202].

In addition, angiogenesis represents the crucial step in the progression of PCan [203].
The rate of angiogenesis depends on vascular endothelial growth factor (VEGF) expres-
sion. The cancerous cells cause high levels of VGEF, or a form of it, VGEF-A, to potenti-
ate angiogenesis [201,204]. Regulators of VGEF expression are represented by both the
androgenic-AR complex and hypoxia-inducible factor 1 (HIF-1). Accelerated growth of
tumor cells causes hypoxic conditions. This ultimately causes HIF-1c, which will result
in the expression of hundreds of oncogenes [205]. In this case, melatonin has the role
of an HIF-1« stabilization inhibitor and HIF-1x-induced gene expression restrictor [188]
(Figure 2). Any interruption to and disturbance of the circadian rhythm of those mentioned
earlier in this paper negatively influences the immune system activity, secretion, levels, and
ability of melatonin to act and inhibit tumor cells. The tumor probability and extent are
higher in individuals with chronic circadian rhythm disturbance. Moreover, it raises the
possibility and intensity of comorbidities that obstruct cancer treatment [206].

11. The Relationship between the Circadian Clock and Cancer Treatment

Chronotherapy represents the timing of drug delivery at the appropriate phase of
the circadian rhythm to achieve its optimal efficacy. The reasoning behind this method is
based on three key points. Primarily, the effectiveness of a drug can fluctuate throughout
the day, contingent on its mode of action [178,207]. Second, pharmacokinetics and the
metabolism of agents may also vary with the circadian phase [178,208]. Finally, the toxic
activity of agents may also vary with the time of day [178,209]. Generally, existing evidence
does not substantiate the assertion that chronochemotherapy is universally advantageous
for treating all types of cancer, and it is not a widely adopted practice. Nevertheless,
chronochemotherapy protocols that are meticulously designed could potentially enhance
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the treatment strategies for specific cancers. To fully harness the potential of this approach
in cancer treatment, there is a need for a chronochemotherapy regimen that is based on
mechanisms. This regimen should align the optimal circadian timing with the specific drug
target, availability, metabolism, and toxicity. Platinum-based drugs like cisplatin, which
eradicate cancer cells by inflicting DNA damage, are used in the treatment of numerous
solid-tissue tumors. The global and gene-specific repair processes have been thoroughly
studied in mice and human cell lines [178,210,211].

Following more murine-based studies, the rate of repair is low in the morning and at
a maximum in the evening [212], and, as predicted, mice treated in the evening exhibited
higher repair than those treated in the morning, though this difference was abolished
by the Per1/2-/- mutation [213]. However, it is important to mention that murine species
are nocturnal species, while humans are diurnal. For practical clinical use, besides the
circadian repair pattern of the genome in normal tissues, it would be necessary to have
detailed repair maps of specific types of cancer. These would help in determining the best
timing to selectively eliminate cancer cells. Studies examining the circadian gene expression
patterns in particular cancers are still rare. The findings have ranged from cancer tissue
being arrhythmic [214,215], to others indicating that it has a rhythm but is out of sync with
normal tissue [216], and to still others demonstrating that it has a rhythm and is in sync
with normal tissue [217].

Establishing the relationship between the circadian phase and amplitude in cancer and
normal tissues is crucial for the creation of truly mechanism-based chronotherapy regimens.
A significant hurdle in achieving this is the development of noninvasive techniques to
evaluate the circadian parameters of cancers. Metabolic processes and the transcription
and expression of different genes control their function. Statistical analysis of clinical
trials, both in vivo and in vitro experiments, have demonstrated the significant research
value of biological CLOCK in treating tumors and controlling the antitumor efficacy of
chemotherapy and radiation therapy [218].

Furthermore, the transcription—translation feedback loop (TTFL) is organisms’ bio-
chemical foundation of circadian rthythms. The TTFL controls the primary molecular
circadian clock mechanism. The TTFL is often found in animals” anterior hypothalamus,
SCN, and peripheral tissues. It is stated that CLOCK’s interaction with small molecules
(CLKS) reduces CLOCK's interaction with BMAL1 and obstructs CLOCK’s translocation
into the nucleus. The nucleus’s decreased CLOCK contributes to the TTFL’s more stable
negative arm and strengthens the circadian clock’s function. Thus, CLK8 improves aging,
emotional disorders, and the efficacy of cancer treatment by influencing the activities of
CLOCK and BMALI1 [33]. Nobiletin, a naturally occurring polymethoxy flavonoid com-
pound, is another small molecule that may potentially improve the CLOCK effect by raising
the PER2 level and stabilizing the negative arm of the TTFL as a result. The small molecules
are the main players and possible targets for developing new treatments for illnesses like
cancer, which are connected to disruptions to the circadian rhythm. They may also improve
the activities of CLOCK and BMALI1 [219].

Although a disturbance to the circadian rhythm can lead to certain diseases, a greater
knowledge of how these two relate can be used to improve cancer prevention. The circadian
rhythms have an impact on pharmacodynamics and pharmacokinetics, just as they do on
other biological activities [220]. Pharmacokinetics establishes the ideal drug concentration
required to generate a toxic-to-effective ratio. Consequently, drug absorption, distribution,
metabolism, and excretion—also referred to as ADME processes—constitute the four
distinct phases of pharmacokinetic processes. They can be utilized for chronotoxicity and
chronoefficacy studies because they exhibit circadian rhythmicity and express various drug-
metabolizing enzymes and transporters [221]. Understanding how circadian rhythms could
be utilized to enhance the treatment of various diseases is becoming more and more popular
in modern times [222]. In a recent article, chronotherapeutic treatments were classified
into three kinds: (1) training the clock: adequate strategies to improve or sustain a healthy
circadian periodicity in feeding—fasting, sleep-wake, or light-dark cycles; (2) administering
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the clock: utilizing small-molecule drugs that specifically target a circadian clock; and (3)
clocking the drugs: optimizing drug timing to improve efficacy and reduce adverse side
effects [223]. Consequently, the investigation of circadian rhythms and the modality that
influences a drug’s reaction is known as chronotherapy or clinical chronopharmacology.
The aim is to enhance the drug’s positive effects while reducing the possible potential
negative side effects for the patient. Pharmacological or therapeutic interventions are thus
applied at a particular and ideal time according to the patient’s circadian rhythm, which is
known as chronotherapy [224] (Figure 5).

MBL - morning bright
light

GCs - glucocorticoids
CR caloric restriction:
- adequate diets

- healthy programs of meals

Clocking the drug

Anticancer medicine

Figure 5. Chronobiological methods for preventing and treating cancer and its associated disor-
ders. Different diseases can be the result of disruptions to the circadian rhythm. Thus, a deeper
understanding of the relationship between the two may prevent cancer. In this way, three categories
of chronotherapeutic therapies are important. (1) Clocking the drugs: maximizing drug timing to
enhance efficacy and minimize negative side effects; circadian rhythms significantly impact the phar-
macokinetics and pharmacodynamics of medication responses. The effectiveness and bioavailability
of the medications are influenced by rhythmic changes, which might range from drug absorption to
target receptor expression. (2) Administering the clock: using small-molecule drugs that specifically
target a circadian clock. (3) Training the clock: appropriate strategies to improve or sustain a healthy
circadian periodicity in feeding—fasting, sleep—wake, or light-dark cycles.

These ideas are not mutually exclusive and have been used in combination to treat
cancer. For example, training the clock can be used to improve weakened or disordered
rhythms, enhancing the effects of timed medications, or drugging the clock. With these
ideas in mind, the next sections present contemporary chronobiological approaches to
cancer treatment [225].

Also, tumor cells often include tumor-associated antigens (TAAs) as well as tumor-
specific antigens (TSAs). These antigens are released into the plasma upon tumor cell death
and then collected by dendritic cells (DCs) and macrophages. DCs, macrophages, and B
cells are strong antigen-presenting cells (APCs) in the human body. When triggered by
antigens or inflammatory cytokines, including Interleukin 1 beta (IL-1[3), Tumor Necrosis
Factor (TNF-«), and Transforming Growth Factor-f3 (TGF-f3), immature DCs can develop
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into mature DCs that express major histocompatibility complex molecules (MHC II) on their
surfaces [226]. Simultaneously, the expression of costimulatory and adhesion molecules on
their surfaces increases considerably. The antigens are then collected from the peripheral
organs to prime and activate the T lymphocytes. Furthermore, DCs can produce IL-12,
which causes T cells in tumor microenvironments (TMEs) to develop into T helper (Th)
cells, promoting the elimination and growth suppression of tumor cells. Effective molecular
clocks in DCs, such as CLOCK, PER, and BMAL-1, exhibit daily oscillations and suggest
that the host DCs are under circadian control [227].

In the same manner, circadian clock components can direct cancer antigen-specific
T and natural killer (NK) cells to destroy cancer cells. Immune evasion represents a
negative prognostic marker and predictor of immune checkpoint blockade response in
several malignancies. Effective immunotherapeutic techniques have been developed to
treat cancer. BMALL expression in metastatic melanomas is responsible for T cell acti-
vation/differentiation signals, as well as T cell fatigue markers. Advanced analysis of
the functional impact of circadian clock genes revealed that the circadian clock-enriched
pathways are supplemented in many immune-related pathways, including programmed
death-ligand (PD-L1) expression and programmed cell death protein 1 (PD-1) checkpoint
pathway in cancer, T cell receptor signaling pathway, and TNF signaling pathway; this
confirms that the circadian clock widely regulates tumor immunity [228]. For this reason,
several anticancer treatments are anticipated to lower medication toxicity while also im-
proving the tumor response rate and duration. Interferon-f (IFN-f), a pleiotropic cytokine
involved in immune system modulation, showed a stronger anticancer impact in tumor-
bearing mice during the early light phase compared to the early dark phase. In phase I/1I
clinical investigation, IL-2 chronotherapy was used to treat metastatic renal cell cancer
and showed modest toxicity, feasibility in a standard care unit, and activity [229]. These
findings might be useful in developing properly rationalized pharmacological therapies for
modulating circadian clock components, which may be changed in tumors [230].

Another way of treating cancer is by using chronotherapy, which is the administration
of drugs at the proper period of the circadian cycle to ensure maximum effectiveness.
Although the use of chronotherapy for specific pathologic disorders such as asthma, hyper-
tension, and cardiovascular disease has resulted in considerable advances in medication
regimen development, it has not been used for cancer treatment. However, all treatment
techniques are based on the preferential death of cancer cells over normal cells. Apoptosis is
a primary mechanism of drug-induced cell death. Analyses of the effect of clock disruption
on the cellular response to DNA damage revealed that the circadian clock influences apop-
tosis against specific genetic backgrounds, indicating that this effect should be addressed
in chronotherapy regimens [231].

The first discovery that the clock influences apoptosis stemmed from research into the
effect of clock disruption on carcinogenesis. To investigate the influence of CRY mutations
on carcinogenesis, CRY1/2-/- mutations were paired with a p53-null mutation, which is a
standard technique for determining the carcinogenicity of weakly penetrant tumorigenic
genes. The p53-/- mice, as predicted, developed lymphoma and lymphosarcoma and lived
an average of 5.5 months. Contrary to expectations, the p53-/-CRY1/2-/- mice showed
a lower age-adjusted cancer incidence and lived 1.5 times longer than the p53-/- mice.
This discovery led to the hypothesis that against the p53-/-CRY1/2-/- background, cells
become more sensitive to DNA-damaging agents. These findings are briefly summarized
here to highlight the potential for enhanced sensitivity to apoptosis as a variable in cancer
treatment [155].

On the other hand, the emerging basic functions of core clock components in cancer
biology have prompted the development and investigation of small compounds that
directly target clock proteins. Fortunately, current clock-targeting small medicines have
shown specific tumor growth suppression in glioblastoma and other cancer types. Given the
diverse involvement of the core clock components in cancer management, it is advantageous
for future research to create cancer-specific techniques to enhance traditional first-line
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regimens. A deeper knowledge of clock—cancer interactions will help to develop blood or
tissue-based biomarkers for molecular classification of cancer patients who may respond
differently to clock-targeting therapy [232].

The functional spectrum of the circadian clock has to be expanded to guide pharma-
cological therapies through more mechanistic research in various cancer processes and
pathways, supported by clinical and omics data obtained from cancer patients.

12. Clocking Medication to Treat Cancer

The debate keeps on going about the specifics of the clock—cancer relationship. Circa-
dian rhythm disruption is observed in a multitude of tumors [233,234], and the absence
of circadian control is linked to the initiation and advancement of cancer. Genetic and
environmental changes in circadian rhythms exacerbate the vulnerability of cancer patho-
genesis [89,139]. On the other hand, a few malignancies contain a functioning circadian
clock that causes daily fluctuations in gene expression [142,235], but less is understood
about how these clocks affect the development or management of tumors. However, it can
be more successful by administering chemotherapy under the host’s circadian rhythms
(Figure 4). Moreover, it is yet unknown where and what kind of circadian regulation is
needed [213,236]. Generally, the lack of experimental models and mechanistic evidence for
circadian-modulated drug activity has limited the scope of timed chemotherapy treatment
for cancer (chronochemotherapy) [237].

In humans, inadequate sleep and circadian misalignment have been identified as
risk factors for obesity and associated metabolic diseases. Large cohort studies have
shown that obesity increases the incidence of several main types of cancer, including
endometrial, postmenopausal breast, and colorectal cancers, owing to a variety of causes.
These processes include higher levels of estrogen, insulin, insulin-like growth factor 1, and
leptin, decreased secretion of the antiproliferative adipocyte-derived adiponectin, and the
persistence of chronic inflammation. Training the clock with TRE/TRF (ten-hour time-
restricted eating/two weeks of early time-restricted feeding) has been demonstrated to
be successful in preventing obesity and metabolic illnesses, as well as inhibiting tumor
development and attenuating metastasis in postmenopausal obesity-driven breast cancer
and obesity-enhanced tumor metastasis models. Circadian regulation governs the diurnal
oscillation of GC (glucocorticoid) secretion via the hypothalamic—pituitary—adrenal axis
(HPA). GC serves as a primary circadian and stress signal. Chronic circadian disturbances,
either by misaligned light exposure or food consumption, can significantly change daily
levels of GC and stress-induced GC responses [238].

According to some research, two different kinds of circadian rhythm-related cancer
treatments are on the market: ones that target the regulators of circadian core clock genes
and those that can directly alter the activity of circadian core genes. The second category of
drugs is not unique to clock components; instead, they address other target proteins, such
as those that phosphorylate or degrade clock components. Among these are substances
that target the F-box protein Fbxw?7, casein kinase CK1e, and (CK) 15 [239].

It is well recognized that the two CK1 family members, CK16 and CK1e, are crucial
for controlling the circadian clock system and that pharmacological suppression of these
members affects circadian rhythms in vivo [239,240]. Anticancer therapy is interested in
targeting CK16 and ¢, as they are highly expressed in several tumor types such as leukemia,
breast, pancreas, and ovarian cancer [241]. It is interesting to note that human renal cell
carcinoma (RCC) lines’ ability to proliferate is impacted by newly created, strong CK2
inhibitors [242] (Figure 4).

Also, REV-ERB« is ubiquitinated and degraded more readily when Fbxw?7 is
present [243]. In vitro and xenograft models show that tumor development is inhibited
when Fbxw?7’s nuclear maintenance is forced via the use of specific inhibitors of nuclear
export (SINEs) [244]. Oridonin, a plant extract, contains a chemical that requires Fbxw?7
to have some anticancer effects. Nevertheless, it is not evident if the drugs that target
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Fbxw?7 and CKs have anticancer effects that are primarily mediated through their
circadian clock targets [245].

A conserved circadian clock in cancer cells has been shown to play a crucial role in
modulating responses to anticancer drugs, according to research using cell-based pharma-
cological techniques to evaluate the impact of daytime (chronopharmacology). Also, it has
been shown that medications that target HSP90 work in a time-dependent way because
some rhythmically produced HSP90 isoforms modify the cell cycle. It is generally accepted
that oncogenic Myc or Ras overexpression causes clock processes in cancer cells to be
disrupted or dysregulated, at least in part [234]. Nevertheless, despite their strong predis-
position for tumorigenesis and metastasis, certain cancer cells, like B16 murine melanoma
models and U20S human bone tumors, can be made to exhibit circadian rhythms using
dex [142,246]. A study has demonstrated that U20S cells, which are generated from os-
teosarcomas, can also respond temporally to anticancer drugs [89]. Patient-derived cancer
stem cells (CSCs) from glioblastoma or acute myeloid leukemia have strong circadian
rhythms irrespective of the elevated MYC expression levels, which is consistent with both
experimental tumor models [105,127]. Many isoforms of the heat shock protein 90 (HSP90)-
targeted drugs may regulate their antitumor properties; hence, it is important to determine
which isoform is relevant for time-of-day specificity. The effects that different Hsp90 iso-
forms have on cellular differentiation and development, as well as gene expression and
subcellular localization, are important details [247]. Mammalian Hsp90AA1 and Hsp90AB1
possess a similar structure and cytosolic expression. However, Hsp90AA1 is constitutively
generated, mostly for cellular repair, whereas Hsp90AB] is activated by external signals to
promote oncogenic signaling responses and cell cycle progression [248]. In the same way
as Hsp90AA1, Hsp90B1, an endoplasmic reticulum-localized subtype of Hsp90, interacts
with a variety of pro-survival and mitogenic proteins to facilitate the growth and spread of
cancer [249].

Also, the use of clock medications on IL-17A-expressing T cells in vivo to enhance
chimeric antigen receptor (CAR)-T cell treatment is a viable tactic. T lymphocytes of type
17 are regulated by the master transcription factor RORyt. RORyt-primed T cells in mice
protect against cancer when tumor cells are reintroduced into the animal, and the RORyt
agonist supplementation during ex vivo expansion improves the anticancer efficacy of Th17
cells modified with CAR [250,251]. In vivo, RORy agonists can also operate as monotherapy.
Crucially, the treatment of RORy agonists has anticancer attributes due to the activation of
several tumor suppressive pathways, such as increasing Th17 cell activity and obstructing
Treg-driven immunosuppression [250]. T cell proliferation and survival are improved
by the administration of RORy agonists, which additionally enhances the production of
GM-CSF, IL-17A, and the costimulatory receptors CD137 and CD226. Furthermore, RORy
agonists impair Treg activity by downregulating the expression of CD39 and CD73, and they
also attenuate the expression of coinhibitory receptors PD-1 and TIGIT [250]. An improved
form of the RORy agonist is currently undergoing clinical studies as an independent drug
(clinical investigation NCT0292862) or in combination with pembrolizumab (anti-PD-1;
clinical study NCT03396497) for the treatment of patients with established, recurrent, or
resistant solid cancers. No significant adverse events were noted in the Phase I study [147].

Thus, pharmacological regulation of proteins in the circadian machinery may provide
a fresh chance to improve other targeted treatment efficacy by acting on important cancer-
related pathways. To this end, the relationship between the circadian clock and the immune
system may provide a valuable chance to improve the immunotherapy efficacy and po-
tentially overcome the resistance mechanisms. The molecular clock’s main components,
including BMAL1, CLOCK, and REV-ERB«, regulate immune cell formation, activity, and
trafficking, altering cancer immune surveillance. Additionally, it has been demonstrated
that the core BMAL1:CLOCK transcription apparatus is crucial for maintaining stemness
in at least two distinct cancer types. These findings indicate that utilizing clock-targeting
small molecules to lower BMAL1:CLOCK activity and inhibit CSCs (central serous chori-
oretinopathy) may be a successful tactic for improving cellular sensitivity to non-targeted
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conventional therapy [252]. Many different aspects of illness also exhibit circadian cycles.
Throughout a 24-h day, the strength of the indications and symptoms varies regularly.
This also applies to how responsive human beings are to medicine. This is where the idea
of chronotherapy enters the picture: administering treatment at the best time of day to
maximize therapeutic outcomes (Figure 5).

13. Conclusions

This review has highlighted the crucial significance of preserving a circadian rhythm in
homeostasis because it regulates different physiological processes over a day. These cycles
influence hormone release, physiological functions, sleep-wake cycles, and other bodily
processes. By timing medical operations to align with these circadian cycles, chronotherapy
aims to reduce side effects and maximize therapeutic efficacy. Thus, this paper explores
the intricate relationship between circadian rhythms and chronotherapy, specifically in the
context of cancer, and discusses future research targets in this fascinating field.

(1) Cancer chronotherapy is a promising field that aims to improve efficacy and re-
duce negative effects by synchronizing cancer therapies with the body’s circadian
cycles [253,254].

(2) The circadian clock and human health are tightly related, with a phenotypic impact
that includes illnesses such as cancer disease. In this way, disruptions to the circadian
clock could damage both tumor molecular clocks and circadian mechanisms, increas-
ing the cancer risk and cell progression by altering hormone levels, immune function,
and metabolic pathways

(3) Additionally, the aforementioned results suggest that the molecular clock regularly
controls the essential physiological pathways that promote cell proliferation and
prevent tumor growth, connecting cell proliferation with mammalian daily physiology.
In this sense, it has been demonstrated that an important connection exists between the
components of the circadian clock and control of cellular responses to DNA damage,
such as repair, checkpoints, and apoptosis. In this way, the elements of the circadian
clock particularly influence the onset and spread of cancer.

(4) Itis becoming clear that clock genes and circadian regulators may be useful thera-
peutic targets in the fight against cancer. Using pharmaceutical methods (targeting
clock proteins) or lifestyle interventions (improving sleep patterns) to modify the
circadian clock may provide innovative ways to prevent or treat cancer. Through
additional mechanistic studies in multiple cancer processes and pathways, supported
by clinical and omics data collected from cancer patients, the functional spectrum
of the circadian clock needs to be expanded to influence pharmaceutical therapy. A
question also remains regarding how responsive people are to medical treatment.
Thereby, chronotherapy comes into play for treating patients during the most effective
time of day to optimize their recovery.

(5) However, let us not forget that each patient is genetically distinct and therefore has
their own circadian rhythm. From a financial point of view, adopting these strategies
is a true challenge in the long term to administer treatment according to the circadian
characteristics of each patient.

(6) Moreover, it is critical to draw attention to healthy sleeping practices and reduce
any interruptions to our circadian cycles to the greatest extent possible. This can
involve creating a sleep-friendly environment, keeping to a regular sleep schedule,
and minimizing artificial light exposure prior to bedtime. Furthermore, methods like
light therapy and timing mealtimes can assist in re-establishing circadian rhythms
when they are disturbed by things like jet lag or shift work. From a future perspective,
it will be interesting to observe if adopting all three criteria for an optimal rhythm can
decrease or even reverse the cancer risk following disturbances to the molecular clock.
It is also noteworthy to find out how much the last meal’s composition might affect
sleep and, consequently, the circadian rhythm. The consumption of healthy, easily
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digestible foods, such as those in the Mediterranean diet, is recommended, especially
for individuals who work night shifts and cannot skip dinner.

(7)  Also, to make progress in this field, scientists must expand their comprehension of
the molecular mechanisms that underlie circadian rhythms and how these rhythms
impact cellular functions, especially in cancer cells. Important insights may be gained
by examining the circadian gene expression patterns in different malignancies and
how these patterns differ from those in normal tissues.

(8) Furthermore, discovering techniques for adapting chronotherapy regimens according
to each patient’s unique circadian profile—which may be determined by wearable
technology or biological biomarkers—will improve precision medicine techniques.
It is also essential to research how the time of medication administration affects
anticancer drug pharmacokinetics and pharmacodynamics.

(9) Personalized treatment plans may be created by using wearable technology to track
patients’ circadian rhythms in real time. Big data analytics and intelligent methods
(artificial intelligence) can be used to examine trends in circadian rhythms and forecast
the best times to administer treatments.
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