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Abstract

Circadian clocks are evolutionary molecular machinery that dictate temporal regulation of
physiology to maintain homeostasis. Disruption of circadian rhythm plays a key role in
tumorigenesis and facilitates the establishment of cancer hallmarks. Conversely, oncogenic
processes directly weaken circadian rhythms. Pharmacological modulation of core clock genes is a
new approach in cancer therapy. The integration of circadian biology into cancer research offers
new options for making cancer treatment more effective and would encompass the prevention,
diagnosis, and treatment of this devastating disease. This review highlights the role of circadian
clock in tumorigenesis, cancer hallmarks and will discuss how pharmacological modulation of
circadian clock genes can lead to new therapeutic options.
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The circadian clock is an emerging factor in cancer research

All forms of life exposed to day-night cycles and seasonal changes in daylength developed a
prodigious molecular mechanism to keep track of time and optimize daily life during these
periodic fluctuations. In complex multicellular organisms, the circadian clock coordinates
through the establishment of circadian rhythms several physiological processes. Disruption
in circadian rhythms thus predisposes the onset of numerous chronic diseases, (such as
cancer and metabolic disorders) (1). A large body of work strongly supports the existence of
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a crosstalk between cancer and the circadian clock. Indeed, the escape from circadian
physiologic discipline is relevant in tumorigenesis, where the homeostasis of cells and
tissues is hijacked to fuel rapid and uncontrolled proliferation, cope with increased
metabolic demands, trigger immune evasion, resistance to apoptosis, and allow for an
inflammatory tumor-supportive environment (hallmarks of cancer) (2). Oncogenic processes
may suppress the homeostatic balance imposed by the circadian clock in order to facilitate
the instauration of cancer hallmarks. Conversely, other pieces of evidence show that
circadian rhythms dysfunctions affect tumorigenesis and clock genes regulate several cancer
hallmarks. Pharmacological manipulation of circadian clock components may unveil novel
opportunities for cancer treatment. In this review article, we discuss the role of circadian
rhythms disruption in tumorigenesis, clock genes dependent regulation of cancer hallmarks
and new anticancer therapeutic strategies targeting the circadian clock.

Circadian clock — Cancer connection

The cellular and molecular organization of circadian rhythm offers a new framework to
understand how circadian clocks or clock components reciprocally interact with cancer. The
circadian clock is cell autonomous and is composed of 13 transcription regulators that
participate in interlocked transcriptional feedback loops to generate their own oscillation
(Fig. 1, Box 1). Cellular circadian clocks in mammals are organized in a hierarchical
manner. The circadian clocks in ~20,000 neurons of the suprachiasmatic nuclei (SCN)
region of the hypothalamus receive input from retinal ganglion cells (MRGC) expressing
photopigment melanopsin. Light signals carried from the retina to the SCN ensures that the
SCN neurons are in sync with the gradual changes in day length in different seasons (3). The
SCN clocks directly or indirectly produce daily rhythms in body temperature and rhythms in
several hormones which synchronize circadian clocks present in other parts of the brain and
in peripheral organs (4). SCN also imposes a daily rhythm in sleep and activity. As animals
and humans are likely to eat during the active-period of their sleep-wake cycle, the SCN
indirectly drives a fasting-feeding rhythm. Additionally, feeding induces changes in body
temperature and in hormones (including insulin), which further synchronize circadian clocks
in many peripheral organs. At the cellular level, the circadian clock responds to extra-
cellular cues or the cellular environment and regulates the expression or function of
numerous genes through transcriptional and post-translational mechanisms.

There are four broad mechanisms by which circadian clock components are known to be
involved in cancer initiation or progression: (A) Circadian clock components directly or
indirectly regulate the expression of hundreds or thousands of genes in different cell types,
which leads to daily rhythms in many cellular processes including nutrient metabolism,
redox regulation, autophagy, DNA damage repair, protein folding, cellular secretion, etc.
Daily rhythm in these cellular processes is an integral part of their homeostasis. Disruption
of circadian rhythms also disrupt these cellular processes and creates a cellular environment
conducive for tumorigenesis (i.e. metabolic reprogramming, redox imbalance, chronic
inflammation, etc.). (B) Many circadian clock proteins also physically interact with proteins
that participate in pathways relevant to cancer. Therefore, modulation of circadian clock
function or expression of clock proteins can protect or promote cancer. (C) Circadian clock
proteins and their interacting proteins “sense” the cellular environment. For example, change
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in the redox state of the cell can affect CLOCK/BMALL1 affinity to DNA. In addition, levels
of co-factors (such as Heme binding to REV-ERB, Fig. 1), and activity of factors mediating
post-translational modification (e.g., acetylation, phosphorylation) of circadian clock
proteins are modulated by the nutrient status of the cell or in response to signaling events.
Consequently, change in redox state, co-factors, and post-translational modifications brought
about by oncogenic programs can change the stability, localization, or function of clock
proteins. (D) The circadian clock regulates the expression of several secreted factors which
can have paracrine or endocrine function. Some of these secreted factors, including
cytokines, hormones, neurotransmitters, can signal through their cognate receptors and the
downstream signaling pathways to affect clock function in order to entrain or synchronize
clocks in different tissues. These endocrine factors can be biomarkers of circadian function
in different tissues. However, some tumors can produce excessive amounts of such circadian
clock relevant hormones or cytokines, which can also disrupt circadian clocks in distant
organs.

Factors that disrupt normal circadian rhythms

The normal functioning of circadian clocks can be disrupted by genetic, environmental, and
internal factors. Genetic mutations affecting the function of circadian clock components can
disrupt normal circadian rhythms. Homologs of the clock core clock components, such as
Per-1,-2,-3, Cry-1,-2, Rev-erb-a, -B, Ror-a,-B,-y are not uniformly expressed in all tissues
(7). Rather each homolog is preferentially expressed in certain tissues. Therefore, mutations
in any one of these clock components are more likely to disrupt normal circadian rhythm in
specific tissues, which may explain tissue-type specific tumor incidences in circadian mutant
mice (discussed later).

Environmental factors can also affect the normal function of the circadian clock. In nature,
the time of sunrise and food availability are highly predictable and do not change abruptly
from one day to another. Therefore, the circadian clocks change only gradually with
seasonal changes and are relatively slow in adjusting to rapid change in light onset or food
availability. In response to an abrupt change in ambient light or food availability, normal
circadian rhythm may be affected in several ways: (a) Light stimulus at certain times at night
can completely abolish circadian rhythm for one to several days (8). (b) The circadian clock
may take several days to adjust to a large change in the light:dark cycle. During this resetting
period, the circadian rhythms are not in optimum synchrony with the ambient light:dark
cycle and dependent rhythm in fasting-feeding. (c) When feeding occurs erratically over
long periods of the 24 h day, or when animals or humans are exposed to continuous light, the
absence of a clear feeding-fasting or light-dark cycle can disrupt circadian rhythms. (d)
When the timing of feeding-fasting and light-dark cycles are not in a usual relationship that
occurs in nature (e.g., feeding nocturnal rodents during the day, or eating late at night for
humans), the circadian clocks are also disrupted. Circadian clocks in the brain regions that
respond to light cues remain out of sync with peripheral organs that primarily respond to
food time.

Finally, studies on disease states and circadian rhythms are shedding light on disease-clock
interaction. Tumors in one organ can disrupt the normal homeostatic levels of systemic
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factors, such as cytokines, which subsequently disrupt circadian clock function in distant
organs. Similarly, chronic activation or repression of certain signaling pathways within a cell
can also affect normal circadian clock function within the same cell. In the following
sections, we will discuss the link between these circadian rhythm disruptions and tumor
initiation or progression.

Chronic circadian rhythm disruption facilitates tumor initiation and

progression.

Emerging data in clinical and basic research are providing evidence linking chronic
circadian disruption and cancer.

Human epidemiological studies.

The connection between chronic circadian rhythm disruption and cancer among free-living
humans comes from epidemiological studies on cancer incidence and sleep disruption
among shift workers. When shift workers work in the early morning, evening, or overnight
shifts and try to maintain a day-active social life on off-days, such frequent and repetitive
disruption of daily schedules results in misalignment of internal and external circadian cues.
Several epidemiological studies have assessed cancer risk in shift workers, and the majority
of these studies shows that a long period (more than 20 years) of shift work correlates with
higher risk to develop breast, and prostate cancers (9). Similarly, another recent study
confirmed that the risk of rectal cancer (hazard ratio) increased with long term exposure to
shift work (10). In lieu of the elevated risk of cancer among shift workers, the International
Agency for Research on Cancer (IARC), part of the World Health Organization (WHO) has
enlisted circadian disruption as a probable human carcinogenic (Group 2A) in 2007 (11).

A note of caution is warranted in interpreting studies that examine the connection between
shift work and cancer risk. Shift work is a loosely defined work schedule that can vary
wildly in frequency, duration, and of nature of shiftwork. Shiftwork is often associated with
other confounding factors such as alcohol consumption, smoking habits, food choices,
activity levels, exposure to radiation, or other carcinogens. So, it is not surprising that some
studies have found no clear link between shiftwork and increased cancer risk (9,10,12-16).
While more studies are needed, at the moment, it is recommended to follow the IARC
guidelines (11).

Outside of canonical shiftwork, many people in modern society also adopt a lifestyle that
mimics aspects of shiftwork including eating a significant portion of calories late at night or
spreading daily caloric intake over long periods of the 24 h day. Epidemiological studies on
the length of overnight fasting or time of dinner have found relations between daily eating
pattern and cancer risk. Women who eat all their calories within 11 hours, leaving 13 h of
overnight fast have a significantly lower risk for breast cancer (17). A recent study from
Spain has found eating dinner before 9 pm correlates with significantly reduced risk for
prostate and breast cancer (18).

Conversely, enforcement of biological rhythms may impair cancer progression and
recurrence, and increase the quality of life. For example, the presence of cortisol rhythms is
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a survival predictor in lung and breast cancer (19,20). Additional studies show that patients
with metastatic colorectal cancer who have a robust rest/activity rhythm are associated with
better survival and quality of life than patients with erratic periods of rest/activity and poor
sleep (21,22).

Evidences in experimental animal models.

While human epidemiological studies offer a correlation between shiftwork induced
circadian disruption and elevated cancer risks, controlled animal studies corroborate this
link. Non-genetic approaches to circadian rhythm disruption in rodents involve SCN ablation
and chronic jetlag. Surgical ablation of the SCN in rodents abolishes circadian activity-rest
rhythms. Subjecting mice to a light-dark cycle that is advanced or delayed by several hours
every week mimics chronic jet lag or rotating shiftwork in humans. Chronic jetlag or SCN
ablation in normal mice, mice bearing tumors, or mice that are tumor-prone dramatically
accelerates tumor initiation and progression (23-26).

Genetic disruption of several core clock genes in mice renders them tumor-prone without or
in combination with carcinogenic agents or oncogenic stimuli. Mice harboring genetic
alteration in PerZ, or in Perl and Per2 genes develop salivary gland hyperplasia, teratomas,
lymphoma, liver, and ovarian cancers (23,27); and a single dose of irradiation accelerates
tumor development in these mutants. Per2 mutant mice treated with the carcinogen
diethylnitrosamine (DEN) are more susceptible to liver cancer than the wild type control
mice (28).

Genetic disruption of Per2 also accelerates tumor formation in standard models of cancer.
Per?mutant in a ApcMi"* genetic background further aggravates tumor formation compared
to control mice (29). Similarly, Per2 mutation accelerates initiation and progression of lung
tumors in Kras®220 and in Kras®220: p53~~ mutants (24). Mice harboring the p53R172H
and the PER2S662G mutations (present in individuals affected by familial advanced sleep
phase syndrome) when tested for survival rate display a decrease in life span (30); similarly
tumor development is more aggressive in mice lacking both Per2 and p53 when compared to
p53 null mice (23).

Genetic disruption of other clock components also increases tumor formation. The clock
mutation Clock®19/* also cooperates with p53 mutations (30). Bmal1~* mice show
lymphoma, liver and ovarian tumors, and the cancer incidences further increase when these
mutants are irradiated (23). Similar observations are made in mice lacking CryZ and Cry2
(23). Bmal1 deletion promotes lung tumorigenesis in cooperation with KrasGZ25, while
CryZ mutation drives aggressive lymphoma development in EuMyc models. Mice with
deleted ROR-y also develop T-cell lymphomas (31). Interestingly alterations in clock genes
that do not cause severe circadian dysfunctions have still a dramatic impact on
tumorigenesis.

Paradoxically, other studies showed that Clock mutant mice, Per™~ or Per2”~and
Cry1™~;Cry2™~ mice are not tumor prone (32-34) and that clock genes may fuel
tumorigenesis. In a cutaneous squamous tumor model driven by a dominant form of the
RAS activator Son of Sevenless, BMAL1 deletion protects from tumor initiation and
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progression (35). Similarly, another study showed that CLOCK and BMAL1 are essential
regulators of proliferation and stemness of acute myeloid leukemia (AML) and that lack of
BMAL1 impairs leukemia growth 7n vivo (36). Furthermore, Cryl and Cry2 deletions delay
tumor development in the p53 null background possibly due to increased sensitivity of these
triple mutants to genotoxic stress (37). It is, therefore, possible that clock genes may
function either as tumor suppressors or as oncogenes. This dual function could be due to
tissue-specific mechanisms, or it may reflect the existence of more complex clock gene
dependent-mechanisms involved in the maintenance of homeostasis between stem cells,
progenitors, and differentiated cells (35,36,38,39).

Finally, animal studies are also revealing the impact of tumors on circadian rhythms. Tumors
can affect circadian rhythms in a tumor-free distal organ (40-42). In a mouse model, breast
cancer causes alterations in the liver of the circadian expression of several genes including
the core clock genes Rev-erba, Per2, RORY, Clock, the authors suggest that this
misalignment from physiological oscillations may result in oxidative stress, polyploidy, and
inflammation (40). Similarly, Perl and BMALL1 oscillations are attenuated in melanoma and
melanoma-adjacent normal skin (41). These alterations extend to two organs that are sites
for melanoma metastasis: lung and liver. Interestingly, this report also showed that in the
SCN of tumor-bearing mice, BMALL rhythmic expression is lost. Finally, an additional
study (42) shows that lung cancer, although not affecting the core clock machinery, induces
a deep reprogramming of circadian rhythms in the liver, both at the level of transcripts and
metabolites.

Genetic evidences in cancer patients.

Traditionally, the increased mutation rate of a given gene in tumors offer strong support for
the role of that gene in tumor initiation or progression. However, data available in the TCGA
database suggest that the mutation frequency of clock genes in cancer is low (43). Despite
sparsity of mutations in clock genes in tumors, analyses of survival trends in breast cancer
showed that patients harboring a mutation in all the core clock genes or in all the PERs have
a lower survival rate than patients carrying no mutations (43). Additionally, analyses of gene
expression datasets (The Cancer Genome Atlas (TCGA) and the NCBI Gene Expression
Omnibus (GEO)) show that the relative expression pattern of clock genes is significantly
different from the pattern observed in non-tumor samples (43) (44) (Fig. 2).

The change in gene expression in the TCGA or GEO datasets is based on only one time-
point. Hence it does not clearly reflect the diurnal expression pattern in tumor samples.
However, improved algorithm (CYCLOPS) that can temporally order gene expression
datasets have found important differences in circadian gene expression pattern in
hepatocellular carcinoma (HCC) and in normal liver tissues. Such analyses show that a
consistent fraction of rhythmic transcripts (nearly 15%, including PER1 and CRY1) do not
display circadian oscillations in cancer (45). Similarly, gene expression analyses in
metastatic melanoma suggest that circadian oscillations are impaired when compared to
normal skin (46).

Altogether, these observations indicate circadian gene expression alterations are shared
features of different tumor types. Such changes in clock gene expression in tumors may have
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functional relevance. Few studies have found changes in the expression of Rev-erb and Cry
in tumor samples that influence the survival of glioblastoma, colorectal, and gastric cancer
patients (Fig. 2) (43,47-49). Disruption of circadian gene expression can be caused not only
by genetic events. For example, acidification of tumor microenvironment leads to circadian
clock alterations (as discussed later (50) and autophagy, which is highly upregulated in
several tumor types trigger CRY1 degradation (51). In summary, genetic and genomic
analyses of tumors have indicated that changes in the expression of clock genes are more
widespread than mutations in clock genes. This lead to the hypothesis that oncogenic
programs may disrupt circadian regulation, which in turn further fuels tumor growth.

Circadian clock control of cancer hallmarks

Several processes driving tumorigenesis have been extensively investigated and are known
as “cancer hallmarks” (2). Unbiased circadian transcriptome studies and focused
mechanistic studies are converging on the idea that in normal cells the circadian clock exerts
tight control over several cancer hallmarks. Escape from circadian regulation may enable
these cancer hallmarks to facilitate the transformation of normal cells to malignant cells. The
following section highlights the molecular connections between the circadian clock and
cancer hallmarks (Fig. 3, Key Figure).

Sustaining proliferative signal.

In normal cells, DNA replication and cell cycle are tightly regulated by regulatory
mechanisms known as checkpoints. Bypassing of these checkpoints leads to uncontrolled
cell proliferation. In many organisms, DNA replication more likely occurs at night (52-55).
This temporal regulation encourages cells to divide within a time-window, thereby
restricting uncontrolled proliferation. Such night-time DNA replication supports the notion
that circadian rhythm might have evolved as a flight-from-(UV) light mechanism to
safeguard DNA.

We are beginning to understand how circadian clock machinery may exert temporal
regulation on DNA replication and cell cycle. Many cell cycle regulators show daily rhythms
in their expression: CDK2, CDK4, CDKG6 (G1/S); Cdc25a, Cdc25b (G1/S, G2/M); the CDK
inhibitors p21, p57, p27 and several cyclins including CycD1, CycD2, CycAl, CycA2,
CycB1, and CycE1 (56,57). Some of these genes are directly controlled by the CLOCK/
BMAL or the ROR/REV-ERB arms of the circadian oscillator (27,53,58)

One of the examples of circadian gating of the cell cycle is the temporal regulation of G1-S
transition. P16-Ink4A is an important factor mediating the G1/S transition. It inhibits CDK4
and CDK®6- mediated phosphorylation of pRB, thus sequestering E2F transcription factors in
inactive pRb/E2F complexes leading to cell cycle arrest. Interaction between clock
component PER2 and RNA binding protein NONO on p16 promoter drives a daily rhythm
in p16-Ink4A expression (59). This correlates with the circadian rhythm in pRB
phosphorylation (Ser807/811) (60). Circadian rhythm disruption releases this temporal
regulation of G1-S transition and results in proliferation increase accompanied by pRB
hyperphosphorylation and parallel upregulation of Myc, CycD1/3, and Cdt1 (60).
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In addition to cell cycle regulators, tumor suppressors and oncogenes also show circadian
regulation. One of the most important tumor suppressive proteins, p53, has circadian
oscillations and its transcription, stability, and activity is modulated by BMAL1 and PER2
(61-63). Lack of PER2 impairs activation of p53 upon DNA damage possibly due to a role
of PER2 in the stabilization and nuclear translocation of p53 (27,62,64,65). Similarly,
downregulation of BMAL expression impairs p53-dependent induction of p21 (66). An
additional mechanism is involved in the stabilization of the p53 protein. ATF4 (Activating
transcription factor (ATF)/cAMP response element (CRE)-binding (CREB) 4) drives
circadian expression of p14ARF (Cdkn2a) which is a known inhibitor of MDM2, the main
ubiquitin ligase responsible for p53 protein stability (67). In addition, association with PER2
protects p53 from MDM2 mediated degradation (62). Clock genes, therefore, exert their
control of p53 on multiple levels. Conversely, tumor suppressive mechanisms ensure the
maintenance of circadian rhythmicity. Indeed, the p53 pathway (specifically p53 and
MDM2) regulates PER2 levels (68,69) thus establishing a feedback loop potentially relevant
for tumor suppression and anticancer therapies.

Another reciprocal interplay occurs between c-MYC and the circadian clock, c-MYC
display circadian oscillations and is directly regulated by clock genes both at transcriptional
(by BMAL1 and NPAS?2) and post-translational levels (by CRY?2) (27,70). This suggests that
alteration of the circadian clock may modulate c-MY C activity. c-MYC can also affect
circadian clock function through at least two different mechanisms (E-box dependent and
independent). In a complex with MI1Z1, c-MYC directly repress BMAL1, CLOCK, and
NPAS2 (E-box independent) (71). In addition, c-MYC can upregulate the expression of the
circadian repressors REV-ERBa (NR1D1) and REV-ERB by binding to the E-boxes
present in their promoters (E-box dependent). Increased REV-ERBs consequently repress
BMAL1 expression (72). Interestingly, MYC can also form a complex with BMAL and
interfere with CLOCK/BMALL transcriptional activity at the Perl promoter (73).

The RAS/MAPK pathway is highly active in different tumor types. Several pieces of
evidence derived in non-cancerous tissue suggest that RAS activity can modulate circadian
rhythms (reviewed in (74)). An important component of the RAS signaling pathway is P13
kinase (PI3K), with pleiotropic effects in cancer and glucose metabolism. In non-malignant
cells, PI3K seems to be required for BMAL1/CLOCK heterodimerization (75). This may
explain a recent observation that aberrant RAS activation leads to alteration of circadian
rhythms possibly via impairment of BMAL1/CLOCK activity and upregulation of Ink4a/Arf
(76,77).

In summary, there is increasing evidence to support the notion that intricate reciprocal
regulation among circadian clock components, oncogenes, tumor suppressors, and cell cycle
regulators ensures homeostatic regulation of proliferation in normal cells. Chronic circadian
rhythm disruption impairs this homeostasis and facilitates tumor initiation while oncogenic
agents further disrupt circadian clock function to sustain proliferation.

Enabling replicative immortality.

Normal cells have limited replicative potential, while cancer cells have the hallmark of
unlimited replicative potential (immortalization).
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Telomerase, the essential enzyme that ensures correct maintenance of chromosomes ends
(telomeres), plays a critical role in maintaining telomere length in cancer cells thus avoiding
replicative senescence triggered by excessive telomere shortening. Remarkably this
fundamental process is controlled by the clock machinery. Telomerase expression, is directly
regulated by BMAL/CLOCK (78) possibly through the E-boxes present in the TERT gene
promoter. Both the mRNA and protein level of TERT display circadian rhythms (in mice and
humans). Thus, alterations in clock genes may directly affect TERT expression and facilitate
cellular immortalization. Additionally, CLOCK-deficient mice have a shorter life span, and
cells lacking CLOCK display short telomere length (78). Conversely restoring telomerase
levels can reactivate circadian rhythms in senescent cells (79,80), thus suggesting the
existence of a convoluted balance between the circadian clock, proliferation, and tumor
suppression.

Genome instability & mutation.

DNA repair.

A tight crosstalk exists between the DNA damage response pathway (DDR), DNA repair,
and the circadian machinery. Many DNA repair genes show circadian rhythms in their
MRNA expression and protein accumulation (7,56). Furthermore, several clock components
physically interact with components of the DDR pathway. Upon DNA damage, PER1 forms
complexes with ATM and Chk2 and modulates ATM activity. Reduced expression of PER1
impair ATM-dependent phosphorylation of Chk2 (81) and thereby impairs appropriate
cellular response upon DNA damage. CRY's are structurally similar to photolyases, a class of
enzymes involved in DNA repair of single strand breaks. Although mammalian CRYs lack
DNA repair activity, CRY1 facilitates ATR interaction with TIM (Timeless) resulting in
circadian rhythm in ATR activity (82). Indeed, /7 vivo upon treatment with cisplatin, a
chemotherapeutic drug that induce DNA damage, the phosphorylation of the ATR target
MCM2 is higher when CRY1 expression peaks. Similarly, CRY2 may facilitate interactions
between ATR, TIM and Chk1 (83). Altogether circadian rhythms in CRYs and PERs along
with the previously described interactions with key DDR pathway members may constitute a
daily rhythm in normal cell’s ability to sense and repair damaged DNA.

Not only DDR is regulated by the circadian clock but also DNA repair mechanisms and in
particular the Nucleotide Excision Repair pathway. XPA is a key mediator of this pathway.
Interestingly the promoter of Xjpa gene contain E-boxes which mediates transcriptional
activation by CLOCK/BMAL1 and repression by CRYs and PERs, which results in
rhythmic expression of Xpa (84). DNA damage can also directly influence circadian
rhythms. The potential mechanism involves poly-ADP ribose polymerase, which is activated
by DNA damage to quickly produce polyADP ribose polymers from NAD, which may
impact circadian clock function through NAD-dependent deacetylase Sirtuins. In fact, DNA
damage is known to affect the circadian clock leading to changes in the phase of circadian
rhythm (85,86) and deficiency of PARP1 also changes the pace of resetting of the circadian
clock (87).
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Deregulating cellular metabolism.

One of the conserved roles of the circadian clock in different organs is the regulation of
catabolic and anabolic metabolism and regulation of cellular defense to oxidative stress that
can arise from nutrient metabolism (88). As cancer cells have metabolic requirements that
are distinct from normal cells, future studies will need to assess how circadian disruption
facilitates cancer metabolism (Fig. 4).

An interesting link was provided by a recent study showing that chronic jet lag drives
hepatocellular carcinoma (HCC) by triggering the development of non-alcoholic fatty liver
disease (25). Jet lag induces global changes in gene expression and alters the levels of
several metabolites. These metabolic alterations lead to insulin resistance, non-alcoholic
fatty liver disease, and liver steatohepatitis (25). This profound metabolic syndrome
ultimately culminates with the development of HCC (25).

Elevated glycolytic metabolism (Warburg effect) feeds cancer cell energy requirements and
at least two pathways are known to increase glycolysis in cancer cells. Constitutive
activation of the PI3K/Pdk1/AKT pathway promotes the glycolytic program in cancer (89).
Furthermore, the low oxygen level in the tumor also activates HIF1a, which in turn
contributes to increased glycolysis. Circadian regulation of glucose metabolism in the
context of cancer involves at least three interrelated mechanisms. The circadian clock
controls the expression of several genes (e.g. glucose transporters and lactate
dehydrogenase-A) involved in transport and metabolism of glucose in glycolytic and
oxidative phosphorylation (90,91).

Circadian clock components also reciprocally interact with AKT and HIF1a pathways.
Several components of the P13K/Pdk1/AKT pathway exhibit circadian rhythm in their
protein accumulation (92). Conversely, activation of the AKT pathway affects the pace of
the circadian clock (93). Similarly, circadian clock imposes circadian rhythm in HIF1a
through both transcriptional and post-translational mechanisms (94-96). Conversely,
hypoxia and HIF1a affect circadian rhythms through regulation of the circadian clock genes
CRYs, Rora, Per2, and Cry1 (95,97). In cancer cells hypoxia may impair circadian clock
machinery through acidification of the microenvironment. Cellular acidification affects
mTORC1 and disable mMTORC1 dependent control of translation resulting in low protein
levels of clock regulators (BMAL, CLOCK, and PER?2) (50) (Fig. 4). Additionally, ChlP-seq
analyses have shown significant overlap between BMAL and HIFla targets (95). Such
shared targets may explain the altered or absence of rhythms in several antioxidant enzymes
in tumors which fosters oxidative stress (98).

Tumor-promoting inflammation - Avoiding immune destruction.

Aberrant inflammation, immune suppression, and evasion of immune surveillance by
fostering cell proliferation, cell survival, angiogenesis, and tissue invasiveness play a critical
role in tumorigenesis (99). The circadian clock and clock components regulate several
aspects of immune system and inflammatory processes (100) (Fig. 5).
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Circadian disruption in rodents subjected to a jet-lag protocol resulted in alteration in the
rhythms of cytolytic factors and cytokines. Circadian rhythm disruption therefore leads to
attenuation of the natural killer (NK) cells activity and accelerates lung tumor growth (101).

Impairment of several core clock genes in mice models results in a massive dysregulation of
proinflammatory cytokines that resemble chronic inflammation. Genetic perturbation of the
circadian clock components — Per2 (102), Bmal (100), Cry (103), Rev-Erbs (104-106) —
alter the level of several cytokines and chemokines (including GM-CSF, CCL2, CXCLS6,
CCR2, CX3CR1, IL-2, IL-10, IL-6, I1L19, IL-1B, TNF-a, MCP-1/JE, MMP9, and IFN-y) or
blunt the dynamic difference of circadian time-dependent gene activation (100,107).
Myeloid-specific knockout of Bmall results in elevated serum proinflammatory cytokines
including IL6, IL1b, CCL2, and TNF leading to a proinflammatory state (100).. While some
cytokines are direct transcriptional targets of clock components, some are indirectly
regulated. For example, Bmall impose rhythmic oscillation in NRF2 which controls IL-1p
expression, and Bmall deletion results in IL-1 B increased production (108).

The circadian clock components BMAL1, CLOCK, and CRYs modulate the function of NF-
kB one of the central regulators of inflammation. Physiological downregulation of Bmall
during an inflammatory response is associated with activation of NF-xB through
phosphorylation of the p65 subunit (109). CLOCK associates with p65 and stimulates the
transcription of NF-kB driven inflammatory genes (107). CRY's regulates NF-xB activation
through modulation of adenylyl cyclase; an enzyme that controls cCAMP levels and activity
of the protein kinase A (100,102). PKA, promotes activation of NF-kB through
phosphorylation of p65. Consequently, lack of CRYs in fibroblasts and macrophages results
in higher expression of NF-xB targets including TNF, IL-6, and CXCL1 (103).

Impairment of the physiological oscillations of cytokines triggered by oncogenic
transformation may not only impact the tumor microenvironment and neighboring tissues
but also have an effect on distal organs (42). Indeed, mice bearing lung adenocarcinoma are
characterized by an increase of IL-6 in the serum, which in turn affects circadian rhythms in
gene expression and metabolism in multiple distant organs (liver, white adipose tissue, WAT,
muscle). Such reprogramming of circadian gene expression could also play a role in
cachexia and metastasis (41,42,110). Indeed hyperactivation of the IL-6 pathway in the
WAT, observed in a well-established colon cancer model for the study of cachexia, lead to
impairments in the rhythmicity of several key lipogenesis genes such as PPARy, C/EBPa,
FAS, Scdl, and Dgat2 (110). The authors also observed an abrogation of the rhythmicity of
REV-ERBa and Per2 and altered expression of BMAL1 and CRY1. These perturbations
may contribute to WAT depletion (110).

Evasion of immune surveillance, through immunosuppression, is critical to tumor
progression (111). Aberrant release of proinflammatory cytokines such as CXCL12, IL-18,
IL-1 B, IL-10 and others contribute to immunosuppression in the tumor microenvironment.
Therefore, alterations affecting the circadian clock could also play a fundamental role in
immunosuppression.
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Among the immune suppressive cytokines, Tissue Growth Factor beta (TGFp) is a chief
mediator. TGFp inhibits DC maturation (112), shifts the balance from Th1l to Th2 (113),
suppresses cytotoxic T lymphocytes activation (114), and induces regulatory T cells (115).
Components of the circadian clock have been implicated in TGF@ signaling under different
physiological contexts (116-118). Interestingly, a recent study shows that high level of
BMAL1 is associated with increased T-cell infiltration and activation in metastatic
melanoma (46). Furthermore, patients with high BMALL1 expression respond better to anti-
PD1 treatment that patients with low BMALL1 levels (46).

The circadian clock genes also play roles in immune cell differentiation, trafficking and
function. In non-cancerous conditions BMAL1 orchestrates rhythmic oscillations of
leukocyte numbers and together with Cry is known to play a role in B cell development
(103). REV-ERBs are involved in the migration and cell adhesion of macrophages
(106,118). Lack of CLOCK in mice leads to low levels of Th1 cells (119).Bmal, Clock, and
Rev-Erb control differentiation of the Interleukin-17-producing CD4+ T helper (Th17) cells
through RORyt and NFIL3 (119). How the circadian clock integrates these signals and
modulates immune-tumor cell interaction in the tumor environment will deserve future
investigations (Fig. 5).

Circadian Medicine — anticancer approaches based on circadian clocks

The science of circadian rhythm has led to three broad approaches for the prevention and
management of diseases including cancer: sleep, diet, and medication timing. Sustaining a
robust circadian rhythm through consistent daily behavioral patterns in sleep and eating may
significantly reduce the risk for cancer. This topic is covered in recent articles (120,121).
Timing of drugs to the appropriate phase of the patient’s circadian rhythm can potentially
reduce adverse side effects and accelerate prognosis (122). This approach of timing therapy
for improved prognosis is summarized in Box 2. There is an emerging approach to use drugs
that directly or indirectly target circadian clock components to treat cancer. For simplicity,
we will refer to this approach as “drugging the clock” and the compounds targeting clock
components as “clock-drugs.”

The rationale for drugging the clock to treat cancer are as follows: (A) Clock-drugs acting
through one clock component can have pleiotropic benefits on multiple cancer hallmarks.
Therefore, clock-drugs can have the same benefit as a combination of two or more drugs
targeting different pathways. (B) Clock-drugs can sustain rhythms in normal tissues in which
circadian function may be disrupted by paracrine factors from tumors. Therefore, clock-
drugs can reduce secondary health burdens of cancer. (C) Due to the interlocked feedback
loop nature of the circadian mechanism, a normal circadian clock is resilient to wide
fluctuation in the cellular biochemical environment. This molecular resilience of a normal
circadian clock may attenuate any adverse effect or toxicity of clock-drugs in normal cells.
These rationales also support the idea of using clock-drugs alone or in combination with
other cancer therapy.
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Clock-drugs for cancer therapy.

Two types of clock-drugs are currently available: drugs that can directly modulate the
activity of circadian core genes and drugs targeting regulators of circadian core clock genes.
Drugs in the second category target proteins that phosphorylate or degrade clock
components among other target proteins and hence are not specific for clock components.
These include compounds targeting Casein Kinase 18, Casein Kinase 1e, and the F-box
protein Fbxw7. Two members of the Casein Kinase 1 family (CK16 and CK1e) are known
to play an essential role on the regulation of the circadian clock machinery (Fig. 1) (123) and
their pharmacological inhibition alters circadian rhythms /in vivo (124). Both CK18/e are
highly expressed in several tumor types including leukemia, breast, pancreas, and ovarian
cancer and they are targets of interest for anticancer therapy (125). Interestingly, new potent
CK2 inhibitors recently developed affect the growth of human renal cell carcinoma (RCC)
lines (126).

Fbxw7 promotes ubiquitination and degradation of REV-ERBa (127). Forcing nuclear
retention of Fbxw?7 by using specific inhibitors of nuclear export (SINE) impair tumor
growth both /n vitro and in xenograft models (128). A compound from the herbal extract
Oridonin has some anticancer effects, which require Foxw?7 (129). However, it is unclear if
the anticancer properties of compounds targeting CKs and Fbxw?7 are mainly mediated
through their circadian clock targets.

Clock-drugs have been recently developed as tools to directly target circadian clock
components including RORy, REV-ERBs, and CRYs. We will discuss a few examples of
their potential use as cancer therapeutics. The observation that metastatic castrate-resistant
prostate cancer (CRPC) tumors express high levels of ROR+y and that RORy activates the
expression of the androgen receptor (AR), prompted researchers to test whether RORy
inhibition can affect prostate cancer (44). Importantly /77 vivo administration of RORy
antagonists blocks the growth of AR-expressing tumors and restores sensitivity toward
enzalutamide (ENZ, an androgen signaling inhibitor currently used for prostate cancer
treatment) in resistant tumors (44). By combining computational and functional genomic
data RORy was identified as a master regulator of pancreatic cancer stem cells (130).
Pharmacological inhibition of ROR-y impair tumor growth and improve survival in multiple
pancreatic cancer /in vivo models (130). Nobiletin, a small-molecule natural product, present
in the citrus peel, with known anticancer properties was recently identified as an activator of
RORs (131).

Multiple REV-ERBs agonists as reported in different studies show anticancer activity
towards several tumor types and can affect glioblastoma growth /n vivo (36,47,48,132,133).
REV-ERBs potently repress expression of autophagy genes and de novo lipogenesis rate-
limiting enzymes FASN and SCD1 (47,132). Both autophagy and de novo lipogenesis are
crucial metabolic pathways that allow cancer cells to cope with their elevated metabolic
demands. Pharmacological activation of REV-ERBs leads to the simultaneous suppression
of both pathways, which are necessary for antitumor properties of REV-ERB agonists.
Importantly, REV-ERB agonists anticancer activity is abolished upon Rev-erb
downregulation, thus suggesting that REV-ERBs are potential targets for cancer treatment.
These observations highlight how targeting of circadian core clock genes could result in
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combination therapy. Another well-characterized class of compounds are potent modulators
of CRY proteins. /n vitro observations are showing that pharmacological inhibition of CRY
reduces cancer cell proliferation while having no effect on normal epithelial breast lines
(134).

Clock-drugs in immunotherapy.

While the above-mentioned use of clock drugs is /n vivo, one promising strategy involves
ex-vivo use of clock-drugs on IL17A expressing T-cells to augment CAR T cell therapy.
ROR-yt is a master transcription factor for Type 17 T cells. Supplementation of a RORyt
agonist during ex-vivo expansion increases the antitumor activity of the Th17 cells
engineered with CAR and mice with RORyt-primed T cells are protected from cancer when
tumor cells are reintroduced in the animal (135,136).

ROR-y agonists can also act as monotherapy /n vivo (Fig. 5). Importantly administration of
RORy agonists displays antitumor properties due to the engagement of multiple tumor
suppressive mechanisms, including boosting the activity of Th17 cells and blocking
immunosuppression driven by Treg (135). Treatment with RORY results in increased
production of IL-17A, GM-CSF and of the co-stimulatory receptor CD137 and CD226 thus
promoting T-cell cell growth and survival. In addition, RORy agonists affect
immunosuppression by attenuating the expression of co-inhibitory receptors PD-1 and
TIGIT, and by blunting the activity of Treg through downregulation of CD39 and CD73
expression (135).

An optimized version of RORy agonist as a single agent (clinical trial NCT0292862) or in
combination with pembrolizumab (anti PD-1, clinical trial NCT03396497) is currently in
clinical trials for the treatment of patients with advanced, relapsed, or refractory solid tumors
and no major adverse events were observed in the Phase I.

Concluding remarks

The emerging connection between circadian clock and cancer is raising new hope for cancer
prevention and opening new opportunities for innovations in lifestyle intervention, genetic
testing, diagnostic markers, chronotherapy (text Box 2), and finally novel therapeutics
targeting clock components. Yet, future investigations are needed to address several key
issues (see Outstanding Questions).

While long-term exposure to shiftwork is known to increase the risk of cancer, shiftwork is
essential for modern society. Circadian science can reduce the risk of cancer among shift
workers. Controlled clinical studies on novel lifestyle interventions combining optimal
timing of food and light exposure among shift workers are needed to reduce cancer risk.
Interestingly genetic variations in clock genes (such as Neuronal PAS domain protein 2,
NPAS2 (rs23051560) (137), RORa (rs1482057 and rs12914272), CLOCK (rs11932595)
(138), BMAL1 (rs2290035, rs2278749, rs969485), and ROR-b (rs3750420)(139) are
associated with increased risk of breast cancer while other polymorphisms BMAL1
(rs2278749) CLOCK (rs3749474) ROR-B (rs3903529, rs3750420) NPAS2 (rs17024926)
lead to a reduced risk (139). While the mechanistic relevance of these polymorphisms needs
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further characterization, they raise the possibility of genetic tests for clock gene
polymorphisms as an additional screening tool to reduce cancer risk in shiftworkers.
Stratification of different types of shiftwork and cancer risk can further improve employment
policies for shiftworkers.

Diagnostic markers of circadian rhythm disruption and their predictive value for cancer risk
is another area for innovation. Chronic circadian rhythm disruption in animal models may
leave stable epigenetic changes. This has raised hope for diagnostic markers for circadian
rhythm disruption.

Although cancer chronotherapy has been studied for decades, it is yet to be a standard
practice in cancer treatment. There is limited data on the efficacy of chronotherapy beyond a
handful of cancer drugs. Lack of a standardized circadian phase markers among cancer
patients further complicates its adoption. Timing of chemotherapy is also constrained by
hospital scheduling. Research in these specific areas along with the adoption of improved
wearable devices and drug pumps for automatic delivery of cancer drugs at a specific time
may leverage the value of chronotherapy.

Despite the excitement around potential of clock-drugs, it is not clear if some of the clock-
drugs offer therapeutic benefits due to improving circadian rhythm or due to non-circadian
rhythm function of the target in cellular function. At least some studies have shown that
forcing circadian rhythmicity by acute administration of dexamethasone, forskolin, heat
shock, and melatonin reinstate the circadian clock control of cell cycle genes thus reducing
the proliferation of different cancer cell lines (140,141). However, we cannot rule out the
possibility that some of the effects of clock-drugs, such as the effect of ROR-y modulators on
AR and T-cells, may be due to a function of the target protein in cellular mechanisms that
are less dependent on a functional circadian rhythm. This question about the role of clock
genes vs. circadian clock function in tumor needs additional investigation as it relates to
which type of tumor would best benefit from clock drugs. In order to move this nascent
strategy towards clinical applications a massive effort encompassing chemistry and
pharmacology will be necessary to generate agents targeting circadian clock genes with
optimized potency and specificity. As well it will be important in the future to assess the
consequences of long-term treatment with clock drugs.

Several aspects of cancer-circadian clock axis are sparsely studied. It is not clear if tumor
types that retain or have lost circadian rhythms differ in their response to existing cancer
drugs. While several reports assessed the role of clock genes in cancer initiation more
investigations are needed to characterize the involvement of clock genes in metastasis.
Finally, many cancer drugs are known to leave a lasting impact on endocrine organs, which
leads to additional complications among cancer survivors (142). As endocrine tissues are
critical hubs in circadian regulation of whole-body physiology, diagnosis, and intervention
in circadian endocrine perturbation can improve the quality of life of cancer survivors. In
summary, the novel intersection between circadian rhythms and medicine has untapped
potential to make a significant contribution to the prevention and treatment of cancer.
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Diurnal rhythm Any oscillating pattern that cycles every 24 hours

Circadian rhythm Any self-sustained, oscillating physiological processes that
cycle with a near 24-hour period. It can adapt to the
rhythmicity of external cues (such as light/dark cycle)

Chronic jet lag An experimental model mimicking frequent transmeridian
flights or shiftwork, in which external circadian cues such
as light or food are repeatedly shifted from the standard
12hr:12hr light:dark cycles or active/resting phase. Chronic
repetitive deviation from a 24-hour period resulted in
disrupted circadian rhythmicity in behavior, physiology, or
gene expression
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Text Box 1-
Molecular Regulation of the Circadian Clock

The circadian oscillator in mammals is based on interlocked transcription-translation
feedback-loops (Fig. 1). Transcription activators BMAL1 and CLOCK/NPAS2 bind to
DNA element containing the E-box motif and induce the expression of the transcription
repressors Cryptochrome (CRY1 and CRY?2), and Period (PER1, PER2, PER3) genes.
CRY, and PER protein complexes inhibit CLOCK-BMAL1 activity, thus inhibiting their
own transcription. CRY, and PER proteins are degraded, thus restoring BMAL1-CLOCK
activity. In an interlocked loop, CLOCK/BMAL activate the transcriptional factors REV-
ERBa/p (5) and RORa/p/y proteins (6). The REV-ERB and ROR proteins act as
repressors and activators of Bmall transcription, respectively. A growing list of genes
currently numbering a few dozen participate in finetuning transcription, translation, post-
translational modification, sub-cellular localization, and degradation of core clock
proteins.
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Text Box 2:
Chronotherapy, where do we stand?

Chronotherapy is an intervention performed at a specific time in order to maximize
therapeutic response and minimize side effects. Most cancer chemotherapies affect highly
proliferating cellular populations. Given the relationship between circadian clock, cell
proliferation, DNA damage response and repair, it was hypothesized that timing the
delivery of chemotherapeutic agents to follow circadian rhythms may maximize
therapeutic efficacy but more importantly, minimize toxicities to non-cancerous cells.
Indeed, several randomized control trials for breast (143), colorectal (144,145), and
endometrial cancer (146) evaluating the timing of treatment showed reduced side effects
including mucositis, stomatitis, and leukopenia. Two randomized control trials for
colorectal cancer showed improved response rate and reduced toxicity in the
chronotherapy group (144,145). While these results are promising larger studies lead to
mixed results with small benefits in survival observed only in men (147). Although the
principle is simple and intuitive chronotherapy remain confined to few trials due to the
heterogeneity of treatments, tumor types and the variability of the results obtained.
Indeed, in 2016 only 0.16% of clinical trials were taking the timing of the drug
administration into account (148). Immunotherapy also comes with significant adverse
effects, causing inflammatory response in a cohort of organs associated with the use of
immune checkpoint inhibitors (149), or a septic-shock like syndrome due to a rapid
release of cytokine associated with CAR-T cell therapy (Cytokine Release Syndrome,
CRS). Thus, minimizing immune related toxicity is clinically important. Utilizing the
knowledge of circadian physiology may improve his approach. Cytokine levels, immune
cells trafficking, and acute inflammatory response are tightly regulated by the circadian
clock. Mortality rates to septic shock can vary up to 8-10 fold in mice depending on
when the endotoxin is introduced, and experimental disruption of the circadian clock
abolished this diurnal difference (150-153). Whether CRS can be minimized by infusion
of CAR T-Cell at a specific time of the day should be investigated. The cornerstone of
chronotherapy is identifying and exploiting the presence of an oscillatory mechanism that
upon selection of the right time provide optimized therapeutic windows. While this may
pose technical and practical challenges (148), the recent advances in “-omics”
technology, machine learning algorithms, programmable pumps for drug delivery,
wearable devices and blood tests to easily assess in real-time circadian rhythms, may
provide new opportunities for the integration of chronotherapy into precision medicine.
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Outstanding questions

Avre core clock genes alterations driving tumorigenesis because of their effect on
circadian rhythms?

What are the diagnostic criteria to assess the potential use and efficacy of clock-drugs in
cancer?

Avre there tumor types or stages where circadian rhythm disruption is no longer a limiting
factor?

Can circadian clock alteration fuel metastasis and through which mechanisms?

Can restoration of circadian rhythms through behavioral and pharmacological
intervention minimize the risk to develop cancer, impair tumor progression, and generate
new therapeutic avenues?

Can we develop standard clinical practices incorporating circadian behavioral
modification, non-prescription supplementation and chronotherapy of existing cancer
drugs to improve efficacy and reduce side effects of contemporary cancer treatment?

Can we differentiate tumor-specific circadian clock alterations from the normal tissues
and develop new diagnostic tools?

Can we exploit the interconnections occurring between circadian clock genes and
immune system to derive novel and more safe immunotherapy approaches?

What are the off-target effects of existing tool compounds targeting specific circadian
clock components? How to assess the contribution of their clock- and non-clock targets
on therapeutic effects?
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Highlights

. The circadian clock establishes daily rhythms in multiple physiological
processes, to maintain homeostasis.

. Circadian rhythm disruption and circadian core clock alterations promote
cancer initiation.

. The circadian clock machinery and circadian rhythms control several cancer
hallmarks.

. Pharmacological modulation of circadian clock provides a novel anticancer
strategy.
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FIGURE 1. Circadian clock: molecular mechanisms, natural ligands and, chemical tools.
The circadian clock machinery generates everyday circadian rhythms. The core clock

mechanism presents activators and repressors and consists of two main loops. Several
regulatory layers (transcriptional, post-translational, cytoplasm-nuclear translocation) are in
play to ensure rhythmicity. Transcriptional activators BMAL1 and CLOCK/NPAS2 (NPAS2
substitutes for CLOCK in the forebrain) bind to DNA element E-box motif and trigger the
expression of the repressors Period (PER1, PER2, PER3), Cryptochrome (CRY1 and
CRY?2). Upon accumulation PERs and CRYSs interact, they are phosphorylated by Casein
Kinase 16/e and translocate to the nucleus where they block the transcriptional activity of
BMAL1 and CLOCK/NPAS?2 thus inhibiting their own transcription. Post-translational
mechanisms driven by AMPK and FBXL3 will lead CRYSs to degradation in the nucleus;
cytoplasmic degradation of CRYs is instead regulated by CK18/e and FBXL21. Several
chemical tools have been developed to modulate CRY's and CK16/e as displayed. PERs are
degraded in the cytoplasm upon phosphorylation by CK18/e and B-TRCP. In an additional
loop BMALL1 and CLOCK/NPAS?2 activate the transcription of REV-ERBa/p and RORa/p/
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v proteins. These are respectively transcriptional repressors and activators that further ensure
rhythmicity of BMAL expression. Both REV-ERBa/p and RORa/p/y are nuclear hormone
receptors that are modulated by natural ligands (in bold in the figure). REV-ERBa/p and
RORa/p/vy are rapidly becoming a target of interest for pharmacology and several small
molecules (in italic in the figure) have been developed in the recent years to modulate their
activity.
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FIGURE 2. Circadian clock genes expression in cancer patients and their association with
survival outcome.

a) Altered circadian clock genes expression in various cancer types compared to the normal
tissues. Green represents cancers with downregulated circadian clock genes; red,
upregulated. b) Table indicating the survival outcome associated with core clock gene
(CCGQG) expression.
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FIGURE 3, Key Figure. Disruption of circadian rhythms during tumorigenesis and impact on
cancer hallmarks.

Normal cells and tissues display circadian oscillations. A large body of evidence has
connected circadian clock genes to several important regulatory nodes for cellular
transformation. Given the pleiotropic role of the circadian clock in physiology it is not
surprising that several cancer hallmarks are under circadian clock control. During cancer
initiation circadian rhythms are disrupted by oncogenes; this suggests that loosening of the
circadian clock function may facilitate the instauration of cancer hallmarks and play a
fundamental role in tumorigenesis. Adapted from “Hallmarks of Cancer: The Next
Generation,” 2011 Cell.
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FIGURE 4. Circadian clock interplay with cancer metabolic nodes.
Aerobic glycolytic switch is observed in many tumor types. Intriguingly circadian clock may

control glycolysis in cancer cells through multiple steps. Several players sustaining aerobic
glycolysis in cancer such as the PISBK/AKT cascade, GLUT transporters, LDHA, Myc and
HIF are modulated by circadian rhythms. The extent of the interplay occurring between
CLOCK, BMAL, MYC and HIF is not currently characterized and may unveil important
connections affecting both glycolysis and glutaminolysis. Similarly, the tight interactions
existing between glucose/lipid metabolism and clock genes have been only barely
investigated for their relevance in cancer. Environmental changes associated with the
cancerous state also affect the circadian clock. Hypoxia results in an acid microenvironment
which block mTOR activity. mTOR has been recently suggested to play an important role in
the translation of several core clock genes.
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FIGURE 5. Role of the circadian clock in the tumor-immune interactions and immunotherapy.
The circadian clock imposes rhythms in key components of the immune system and

maintain homeostasis in inflammatory processes. Disruption of circadian rhythms affects
multiple immune system functions and leads to chronic inflammation. These alterations
foster tumor initiation, progression and metastasis. Intriguingly, the crosstalk occurring
between the circadian clock and the immune system can be exploited for the generation of
innovative immunotherapy approaches. Indeed, the RORy agonist Lyc-55716 is currently
tested in clinical trials as monotherapy and in combination with anti PD-1 in patients with
advanced solid tumors. Interestingly, pharmacological activation of RORy has a dual effect:
lead to the activation of Th17 cells and attenuate immunosuppression. A similar effect could
be achieved by activation of REV-ERBs
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