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Rezumat. Relatia dintre ceasul circadian si tumorigenza

Ritmul circadian este fundamental pentru a permite corpului uman sa functioneze corect. Studiile au demonstrat ca
perturbarea ritmului circadian este un factor de risc pentru un numar mare de stari patologice. Scopul aceastui articol
este de a realiza o revista a literaturei depre relatia dintre influenta tulburarilor de ritm circadian asupra tumorogenezei.
Cancerul este 0 ”ciuma” a societatii de astazi si este interesant de observat cum stilul de viatd modern poate fi unul dintre
cele mai importante motive pentru a explica raspandirea enorma a tumorilor. Punctul crucial descris este legatura dintre
lumina, melatonina si genele cancerului; aceasta triadd are un rol important in tumorigeneza. Dupa aceea, se pune accent
pe cancerul de san care este cel mai frecvent din lume si se demonstreaza, de asemenea, modul in care nivelul social si
educatia pot influenta posibilitatea de a dezvolta cancer in timpul vietii. In final, exist o descriere a uneia dintre posibilele
noi frontiere in tratamentul cancerului: cronoterapia.

Cuvinte cheie: ceas circadian, perturbare circadiand, lumina artificiala, cancer - gene ceas, cancer mamar, cronoterapie.

Summary. The link between circadian clock and tumorigenesis

The circadian clock is fundamental for allowing the human body to work properly. Studies demonstrated that circadian
disruption is a risk factor for a lot of pathological states and in this Review, the idea is to focus on tumorigenesis. Cancer
is a social plague and it is interesting to note how the human lifestyle can be one of the most important reasons to explain
the enormous spread of tumours. The crucial point described is the connection between light, melatonin and cancer genes;
this triad has an important role in tumorigenesis. After that, there is a focus on breast cancer that is the most frequent in the
world, and it is also demonstrated how social level and education can influence the possibility to develop cancer during life.
In the end, there is a description of one of the possible new frontiers in the treatment of cancer: chronotherapy.

Key-words: : circadian clock, circadian disruption, artificial light, cancer - clock genes, breast cancer, chronotherapy.

Pesrome. CBsi3b MesKAy HUPKAJAHBIMH YaCcaMU U OIyX0JIe00pa3oBaHHeM

[lupkaaHblil puT™M UMeeT QyHIaMEHTaIbHOE 3HAYCHUE Il HOPMaJIbHOTO (pyHKIIMOHUPOBAHHMS YEIIOBEYECKOIO OpPraHH3-
Ma. MccnenoBanus rnokasany, 4Tto HapyIIeHHe [UPKAJHOTO PUTMA SBJISETCSl (PAKTOPOM PUCKA MHOTHX ITATOJIOTUYECKUX CO-
ctostHui. 1lenpro JaHHOM CTaThy SBISETCS 0030p JUTEPATypPhl, MOCBAIICHHON B3aUMOCBSI3M MEXIY BIUSHUEM HApyIICHUHA
IUPKAHOTO PATMA U OHKOT€HE30M. Pak - 3T0 «dyma) COBPEMEHHOTO O0IIeCTBa, U MHTEPECHO OTMETUTD, KK COBPEMEHHBIN
00pa3 KI3HU MOXKET OBITh OJJHOW U3 CaAMBIX BOKHBIX TIPHINH, OOBSACHIIONINX OTPOMHOE PAaCIPOCTpaHEeHHE omyxoiei. Omnu-
CaHHBIM KIIIOUEBOM MOMEHT - 3TO CBS3b MEXKJy CBETOM, MEJIATOHMHOM U F€HaMU Paka; 3Ta TPUaJa UrpaeT BaKHYIO pojib B
oHkorenese. [lociie 3TOro 0CHOBHOE BHUMaHHUE YACISETCS PaKy TPyIH, KOTOPBIH sSBIsieTCs Hanbolee pacpoCTPaHEHHbIM B
MHpe, a TaKXKe IEMOHCTPHPYETCS, KaK COIMANIBHBIN CTaTyc U 00pa30BaHHE MOTYT IOBIMATH Ha BOZMOXKHOCTh Pa3BUTHS paka
B TeUCHHUE Kn3HU. HakoHel, mprBe/ieHO OITMCaHNe OHOTO U3 BO3MOXKHBIX HOBBIX PyOeKeil B JICUeHUH paka: XpOHOTEPAITHH.

KuroueBble c10Ba: IIpKaIHbIC Yachl, HAPYIICHUE [TUPKATHOTO PUTMA, HCKYCCTBEHHBIN CBET, PaK - Yachl TEHBI, paK
TPyAH, XPOHOTEPATIHSL.

Introduction nizing all the physiological processes of the human

Human body homeostasis is dependent on Earth body. SS it consists of the central clock, represented
spin as it is exposed to the sunlight differently during by the suprachiasmatic nucleus (SCN) of the hypo-
a day, and as a result, the behaviours and physiologi- thalamus and peripheral clocks represented by “clock
cal processes of the body are oscillatory and must be ~ genes” at the level of each cell. All living organisms
synchronised correctly. These oscillatory processes POSSess this synchronization system that orchestrates
are orchestrated by a synchronization system (SS) or ~ €ach process and biological function, from the gene to
in other words the biological clock of the body. This  the organ. As a result of the activity of this synchroni-
watch has the function of coordinating and synchro- ~ Zation system, several types of processes are formed
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which are repeated with a certain regularity, forming
different biological rhythms. The diversity of biolog-
ical rthythms is great, varying between a few seconds
and a few years. Among these the most studied is the
circadian rhythm, which lasts about 24 hours. The cir-
cadian rhythm encompasses everything the resulting
physiological and behavioural processes in an organ-
ism for a day. There are also infradian rhythms (cycles
having a duration of more than 24 hours, for example,
the menstrual cycle in women) and ultradian rhythms
(cycles with a duration of less than 24 hours - breath-
ing, heart contraction, processes food etc) (17).

At the same time, many studies demonstrated that
circadian disruption is a risk factor for a lot of patho-
logical states. Moreover, because cell division is re-
lated to the clock genes, circadian rhythm disorders
are an important risk factor for tumorigenesis.

Circadian clock

The Circadian clock is a biochemical oscillator
tied on 24 hours synchronised with solar time and
for this reason, it is influenced by the environment,
thanks to this the human body knows when it’s time
to sleep or to be awake (1,2,3,4).

There is a central clock that is produced and
maintained by the suprachiasmatic nucleus of the
hypothalamus, which is considered a circadian pace-
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maker. There are also subordinate clocks in periph-
eral tissues (liver, kidney, skin, intestine, lung, pan-
creas, ovary and heart) synchronized through neural
and humoral inputs including the autonomic nervous
system and the neuroendocrine system (3,4,5).

The release of hormones is connected with the
circadian rhythm, as there are some biological oscil-
lations. For example, during the night melatonin and
prolactin increase, while cortisol has a peak in the early
morning. Melatonin is a hormone that makes humans
feel sleepy, Cortisol is the hormone of stress: this cycle
helps humans maintain a routine in sleep habits (2,14).

Melatonin is a natural hormone that is produced
by the pineal gland in the brain. Light stops the pro-
duction of the hormone, whereas darkness triggers its
production (2,14).

Body temperature and metabolism are also part
of the human circadian rhythm. During the night the
temperature drops and calories are used to restore
damaged parts of the human body during the day and
for immune responses. During the day the body tem-
perature increases and calories have to be used for
muscles and the neurological system (2,4,5).

In summary, the most important functions regu-
lated by circadian rhythm are the possibility to fall
asleep, the regulation of wakefulness, body tempera-
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Figure 1. The Pathway of Melatonin Secretion
In this figure, there is a description of the mechanism which lead to the production of melatonin. Natural or artificial
light is absorbed by the retina. Melanopsin is a photopigment found in a subtype of photoreceptive retinal ganglion cells
which projects to the suprachiasmatic nucleus via the retinohypothalamic tract, in this way the information about the
presence/absence of the light is sent to the central nervous system as a nervous signal. Melatonin is produced by the
pineal gland and its production is triggered by darkness, while lightness stops it.
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ture, blood pressure, hormone biosynthesis, digestive
secretion and immune responses (2,4,5).

Light is the most important environmental fac-
tor that regulates the circadian rhythm. In the human
body, there is a photoreceptors system that sends sig-
nals about darkness or lightness to the human brain
(7). Melanopsin is a photopigment found in a sub-
type of photoreceptive retinal ganglion cells which
projects to the central nervous system through the
retinohypothalamic tract the information about the
presence/absence of the light (Fig.1).

Some variables can generate differences in the
regulation of the circadian clock between humans, for
example, eye colour: people with dark eyes have more
melanin that absorbs more light than people with pale
eyes and this influences human behaviour (12).

Moreover, it is important to note that the circadian
rhythm is different in children, adolescents and adults
and this contrast is reflected in different sleep habits.

It is well known that the circadian clock controls
also cellular physiology: cell division, metabolism,
cells proliferation, response to DNA damage, apop-
tosis. The mitotic cell cycle has similarities with the
circadian clock because of the presence of periodic
phases of activation and repression. Normally most
cell divisions occur in a specific part of the day and
for this reason, the circadian clock influences also cell
proliferation. This regulation has to be correct to pre-
vent tumorigenesis. Apoptosis can be promoted or re-
stricted according to the phase of the circadian clock.
This physiological role of Circadian rhythm is crucial
to explain how it can be part of tumorigenesis (1, 11).

Circadian Disruption

The circadian clock can be disrupted in many
situations: unhealthy lifestyle as working shifts that
do not respect the natural light and dark times of the
day, jet lag, late-night hours, lack of sleep, eating or
drinking late at night, watching screens too close to
bedtime or not having a comfortable sleeping space.
Pathogenic conditions as stress, mental health prob-
lems, brain damage, dementia, blindness and sleep
disorders also can disrupt the circadian rhythm.

Moreover, circadian disruption can be the cause
of pathogenic conditions as cancer, metabolic dis-
eases like Cushing disease, cardiovascular diseases,
diabetes, chronic inflammation, mental health condi-
tions, depression and sleep disorders (3).

The most common sleep/wake alterations caused
by circadian disruption are Delayed sleep phase syn-
drome, typified with tiredness in the morning and
increasing alertness during the day; Advanced sleep
phase syndrome that is the opposite with tiredness in
the early evening; Free-running circadian disorders
common in human without stability in a circadian

pacemaker for example in the blind; irregular sleep/
wake syndrome usually occurring with neurological
dysfunctions, schizoaffective disorders and psycho-
motor retardation. The symptoms are insomnia and
excessive sleepiness during the day in association
with irregular sleep. In these cases, the treatment is
similar and it foresees a combination of pharmaco-
logical, light-related and behavioural strategies (15).

The circadian clock regulates metabolism, so an
alteration in the circadian clock is inevitably reflected
in metabolic dysregulation. In the same way, meta-
bolic alterations can alter circadian oscillation, so it
is important to follow a controlled feeding time to
improve metabolic conditions. Cancer metabolism is
predominantly based on glycolytic activity, despite
aerobic conditions. This situation is called the War-
burg effect and there is strong evidence that circadian
disruption influences metabolic adaptations in favour
of cancer development (1).

As it has already been said the most important
environmental factor that can cause these alterations
is light also in combination with alcohol, stress and
irregular meals times (7). For example, if a person al-
ways eats at the same time, the body will be prepared
for the meal and it will be possible to regulate each
process involved in the digestion. In the same way,
if a person does physical activity always at the same
time human muscles will be prepared for that. So, it
is important to have regular life and to try to find a
repetitive lifestyle also for this reason.

Going back to talk about the light, the introduc-
tion of electricity light has inevitably changed and
improved human life. Nowadays it is possible to have
light to work at night, but also to enjoy it. Humans
evolved without this possibility, so it is important
to note that this invention will inevitably determine
some changes in the human circadian rhythm. Light
can increase alertness in humans, it decreases the pro-
duction of melatonin and increases the production of
cortisol. It is worth also pointing out that people have
reduced their exposure to dark and the average dura-
tion of sleep has decreased; This change in the expo-
sure to light plays a role in breast and prostate cancer,
obesity and depression (7).

Even in utero, exposure to light can increase the
risk to develop cancer in life, so it is also important to
monitor women during pregnancy. For example, nu-
merous publications have reported that in many leu-
kaemia diagnosed children the origin of this specific
cancer was from the intrauterine period of life (7,16).

Light can increase the risk of cancer because of
alterations in gene expression and alterations in the
physiology of normal cells. This is due to the link
between light and melatonin which has oncostatic
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functions including anti-proliferation, induction of
apoptosis, inhibition of invasion and metastasis, an-
ti-angiogenesis and enhancement of immunomodula-
tion. Studies demonstrated that melatonin inhibition
allows the growth of lung, breast, prostate, liver and
colon cancer. Moreover, numerous publications have
reported that melatonin can be an efficient treatment.
It can improve the efficacy of chemotherapy and re-
duce side effects and most of all it can prolong surviv-
al time and enhance the quality of life (14).

Circadian dysrhythmia and cancer

Circadian disruption is a key factor in tumori-
genesis, but at the same time, the presence of cancer
can weaken the circadian rhythm (3). Anyway, loss
of circadian control is an independent risk factor for
cancer and it has been classified as a carcinogen. It is
associated with early mortality and poor efficacy in
the treatment (1).

At the molecular level everything is regulated by
feedback circuits of a group of genes called “clock
genes”: CLOCK [Circadian locomotor output cy-
cles kaput] the core transcription factor; BMALI1
[Aryl Hydrocarbon Receptor Nuclear Transloca-
tor-like protein 1] the core transcription factor, PER
1-2-3 [Period 1-2-3], Transcriptional repressor, CRY
1-2 [Cryptochrome 1-2] transcriptional repressor,
REV-ERBalpha [Nuclear Receptor Subfamily 1,
Group D, member 1(NR1D1)], a transcriptional re-
pressor, ROR alpha [Retinoid-Related Orphan Re-
ceptor alpha], Transcriptional activator (1,2,3,11).

CRY and PER form a transcriptional repressor
complex to inhibit CLOCK/BMALI activity entering
the nucleus. In this way, the clock is regulated by a
negative feedback loop. There is also a secondary loop
composed of REV-ERBalpha and RORalpha (1,11,13).

The normal expression of Perl and Per2 can sup-
press the proliferation in pancreatic cancer and inhib-
it breast cancer cell proliferation and tumour growth
(for the second one is demonstrated only with Perl).
Genetic or epigenetic alterations in the expression
of these clock genes can be associated with specific
cancer phenotypes (10). For example, Perl and Per2
decreased expression levels can lead to sporadic and
familial breast tumours; Perl lower expression levels
can cause familiar breast tumours and undifferenti-
ated colorectal tumours, while Per2 downregulation
can increase breast cancer cell proliferation, tumour
growth and the risk to develop colon cancer. Moreo-
ver, a lower expression rate of both (Perl and Per2) is
linked to Glioma and chronic myeloid leukaemia and
the degradation of PER2 protein is linked to intestinal
epithelial neoplastic transformation. Conversely, the
increased expression of Per2 can cause tumour apop-
tosis in breast cancer and prostate cancer. In conclu-

sion, the methylation of Perl and Cryl’s promoters
allows to increase the survival of breast cancer cells
and the proliferation (but in the proliferation, there is
evidence only for Per) and the methylation of Per3 is
linked to chronic myeloid leukaemia (2).

Studies demonstrate that CLOCK and BMALI
are tumour suppressors. Clock genetic polymorphisms
can enhance the risk of breast cancer and Clock sin-
gle-nucleotide polymorphisms can determine ER/
PR-negative cases of breast cancer and in general,
they are associated with an increased risk to develop
prostate, breast, ovarian and pancreatic cancer. This is
not always true because colorectal cancer is an excep-
tion: in this case CLOCK and BMALI expression is
elevated and they increase its proliferation (1,11).

CLOCK can inhibit apoptosis together with PER1.
Publications have reported that the knockdown of
PER1 determines a downregulation of antiapoptotic
BCL-2 and upregulation of proapoptotic BAX in hepa-
tocellular carcinoma cells, increasing apoptosis. (1)

Numerous publications have reported that an in-
correct exposure to light can cause hypomethylation
of the CLOCK promoter and it can lead to cancer,
particularly breast cancer. For example, it is interest-
ing to understand if shift work by a pregnant woman
might have epigenetic consequences for her child that
could increase the risk of cancer or even affect fetal
growth and development (16).

In general, it is possible to understand that an
alteration in the expression of these genes leads to
develop cancer because their proliferation, apoptosis
and migration are dysregulated (1,11).

Circadian disruption can also interact with the
tumour microenvironment which is fundamental
for its development. Cancer cells are heterogeneous
and they include cancer stem cells (CSCs), and an
important feature is their niche. The niche protects
CSCs from insults, which are the immune response,
chemotherapy and genotoxic stresses. The primary
niche is composed of extracellular matrix (ECM) and
cancer-associated fibroblasts (CFAs). Circadian dis-
ruption can activate CFAs which produce ECM com-
ponents, various cytokines and an autocrine growth
factor WNT10a. This can help to maintain the niche
required for CACs. In addition, to enable the process
of metastasis, the presence of a metastatic niche is
necessary, where the cancer cells can survive, colo-
nise and expand to form the metastasis. An important
piece of evidence is that collagen density promotes
the onset and the progression of breast cancer (6).

Epidemiology

Nowadays, the incidence of cancer may continue to
increase because of the human lifestyle. This happened
due to various reasons, such as exposure to electric
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light, stress, shift work, continuous hormonal imbal-
ances, which are all factors that can alter the circadi-
an thythm. The evidence is that the risk of breast and
prostate cancer is higher in modern society (2,5,6,7).

Reporting some data to understand the serious-
ness of the problem, in 2020 one out of five people
developed cancer all over the world. This fact is re-
ported in the article “Global cancer Statistics 20207,
which analysed 36 tumours in 185 different countries.
In 2020 there were 19.3 million cases and 10 million
deaths, but it is worth pointing out that the COV-
ID-19 pandemic could make the situation worse with
increased cases and mortality (8).

The most frequent cancer in 2020 were: breast
cancer 11,7% of diagnoses, lung cancer 11,4%,
colorectal cancer 10%, prostate cancer 7,3%, stomach
cancer 5,6% (8). Instead, mortality rates are slight-
ly different: lung cancer 18% of all cancer deaths,
colorectal cancer 9,4% and hepatic cancer 8,3% (8).

Breast cancer

Breast cancer is the most common in the world.
Genetic alterations have been found only in less than
10% of cases. The majority is linked with non-hered-
itary-causes: alcohol consumptions, nutrition-relat-
ed factors, exogenous hormones intake, night work,
work shifts duration, reproductive history, menstru-
ation parameters, hormonal receptor status, mostly
in premenopausal women, environmental factors, air
pollution and of course altered light/dark cycles (9).

Circadian disruption can act on stemness and in-
crease the cancer-cell dissemination and the process
of metastasis; moreover, it can create an immunosup-
pressive shift in the tumour microenvironment (9).

Shift work and night-time work are considered
carcinogens because of the alterations caused in the
circadian rhythm (10). The shift-work disorder can be
considered as a chronic version of jet lag which has a
major impact on human health (13).

Studies showed that employment in jobs with un-
predictable shifts depends on socioeconomic status
and gender but it is more common among people with
lower levels of education. This situation causes high-
er mortality rates in cancer breast, but of course not
only in this one. In the United States, a study demon-
strates that black women are 40% more likely to die
of breast cancer than white women (10).

The mechanism is always the same, shift work
and night-time work alter the rhythmicity of the circa-
dian clock and reduce melatonin which has anti-met-
astatic and anti-tumour functions. This situation leads
to increased production of estrogens and an alteration
in the function of estrogen receptors (10).

Moreover, publications have reported that Circadi-
an Disruption allows a shift of the tumour immune mi-

croenvironment, most of all because of the alterations in
CXCLS and CXCR2. In particular CXCR?2 signalling
plays a role in the modulation of the tumour immune
microenvironment and the construction of the pre-meta-
static niche, because of the employment of Myeloid-de-
rived suppressor cells (MDSCs) in distant metastatic
sites. In general, CXCL5-CXCR2 axis is associated
with the process that allows cancer cells to circulate in
the blood and to reach the bones most of all (9).

There is another key mechanism that permits the
process of metastasis: CXCL12-CXCR4 axis. In con-
clusion, it is possible to assert that there is a strong link
between circadian disruption and cancer-cell dissemi-
nation; studies promote the use of CXCR2 or CXCR4
inhibitors in combination with chemotherapy and pos-
sibly immunotherapy allow to overcome resistance (9).

In conclusion, as we have already mentioned,
circadian disruption can alter the release of cortisol
and the studies demonstrated that an abnormal di-
urnal salivary cortisol rhythm in patients with met-
astatic breast cancer is linked with a doubling of the
risk of death as compared with people with a normal
pattern; so this is further evidence of how circadian
rhythm is connected with tumorigenesis. Moreover,
it is demonstrated that an alteration in rest-activity in
patients with metastatic colorectal cancer is connect-
ed with a low chance of survival (5).

Chronochemotherapy

The new frontier in the treatment of cancer is cir-
cadian-timed cancer treatment. The aim is to maximise
the anti-tumour effects of cancer and minimise toxicity
and side effects considering the human body’s natural
rhythms in the treatment of an illness (1). The efficacy
of a drug, its pharmacokinetics, metabolism and toxic-
ity may vary with circadian phases and time of the day.
Chronotherapy has been applied also to treat asthma,
hypertension, cardiovascular diseases. Unfortunately,
studies have not produced enough positive results to
justify this healing attempt. For example, in the treat-
ment of colorectal cancer, there were no beneficial ef-
fects. Furthermore, this treatment can be dangerous for
a part of the population, depending on age and gender.

The research aims are to understand the best time
to kill tumour cells. This is a hard challenge because it
is known that the circadian rhythm of cancer cells can
be rhythmic, but also out of phase with normal tissue.
It is common knowledge that human cells repair is
lower in the morning and higher in the evening and
during the night, but we cannot tell the same thing
about cancer cells (13).

Conclusion

In the modern era, it is considered normal the lack
of free time and over usage of digital devices, to be
stressed and at the same time sleepy, to abuse coffee
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or tea, to be sleep deprived or to not respect sleep con-
sistency. Also, people are travelling a lot changing the
time zone. The most important dangerous factor is the
spread of artificial light which can alter the produc-
tion of melatonin with all the consequences. All these
factors are disrupting the circadian rhythm which
has a fundamental function for the homeostasis and
well-being of the human body. In our society is con-
sidered normal this way of living, maybe it would be
better to declare that we are almost obliged to have it.
In addition, the risk to develop cancer is increas-
ing and this is inevitably linked to the modern human
lifestyle that does not respect the natural light and dark
times of the day along with too much stress during
evening and night, food, alcohol, smoke and gadgets.
It is necessary to decrease this pathological cycle, but
at the same time human society is inevitably going to
change very quickly, so we need to figure out how this
new way of living will affect human health in the future.
Further studies are necessary to attempt a better
understanding of how circadian rhythm disruption
influences tumour development. In this way, it will
be possible to increase the awareness of people about
this relationship and at the same time to develop new
methods of prevention and treatment of cancer.
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