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Abstract

Circadian rhythms have emerged in recent years as key regulators of
several cancer hallmarks, such as enhanced proliferation, metabolic
rewiring and drug resistance. Circadian disruption is in fact closely linked
to cancer initiation and progression, thus there is a growing interest in
understanding how the molecular clock can influence oncogenesis. Cancer
stem cells (CSCs) in particular display a peculiar circadian disruption,
suggesting how the lack of clockwork functionality could be a key factor in
conferring self-renewal, metastatic and drug resistance phenotypes.

This study aimed to investigate how circadian rhythm alterations
affect proliferation and metabolism, in the sake to unveil the contribution
of the clock to CSCs survival and drug response, uncovering potential
therapeutic vulnerabilities.

The circadian phenotype of Differentiated and CSCs from bladder
cancer, osteosarcoma and breast cancer was characterized using molecular
biology and biochemical approaches, unveiling a profound alteration and
downregulation of cell-autonomous circadian oscillations present in the
differentiated counterparts. A robust proliferation rate circadian pattern
emerged in differentiated cancer cells, that was in turn abrogated in CSCs;
pharmacological modulation of core clock genes was able to induce a
cytotoxic response in differentiated cancer cells, while the clock
deregulation rendered CSCs refractory to clock-inducing drugs.

The lack of clock control over metabolism was reflected by
uncontrolled and aberrant swings in the glycolytic activity, resulting in a
plastic bioenergetic phenotype displayed by CSCs.

The present study confirmed the profound alterations of clockwork
functionality in CSCs and how they impact cell proliferation and metabolic
rewiring, as well as conferring resistance to possible chronotherapeutic
interventions. More studies are needed to understand how to potentially
combine chronotherapy and conventional chemotherapy in order to
eradicate CSCs.
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1 INTRODUCTION

1.1 Circadian rhythms

Numerous physiologic and behavioural processes are tightly linked
to the environmental changes dictated by the alternation of daylight and
nighttime, which are a direct consequence of earth’s rotating motion!.
Almos all living organisms have evolved ways to adapt and anticipate these
changes, developing what we now refer to as circadian rhythms?.2.

In mammals, where the main synchronizing cue is the exposure to
light, the endogenous circadian system has a preponderant role in
regulating the sleep-wake cycle, hormonal fluctuations, temperature
changes, feeding-fasting cycles, and enables the organism to adapt to the
24h daylight/nighttime cycle in the optimal fashion!. In humans the
circadian clock is organized in a hierarchical system, composed by a central
pacemaker identified in a small subset of hypothalamic nuclei, a region
named the Suprachiasmatic Nuclei (SCN): these neurons receive photic
signals from the melanopsin-expressing retinal ganglion cells (ipRGCs)
through the retino-hypothalamic tract belonging to the optic nerve (Figure
1) 3.

The central clock then sends a plethora of signals to the peripheral
clocks present in each cell and tissue, allowing the synchronization,
coordination and integration between external conditions and organism
functions3. The main example of the aforementioned phenomenon is the
SCN regulation of the rhythmic and cyclic melatonin secretion by the pineal
gland in dark conditions, which will then induce relax and drowsiness; in an
antiphasic fashion, the SCN will promote cortisol secretion during daylight
exposure, which will in turn favour wakefulness and focus, required for
diurnal activities!.

However, peripheral clocks can be also influenced by other external
stimuli, such as food intake, temperature changes and physical exercise,
that will then influence the oscillation of hormonal, metabolic and

behavioural functions in order to properly respond to the initial



synchronizing cue4. Endogenous physiologic signals are also able to
influence both central and peripheral clocks through neural and hormonal
feedbacks mechanisms:.

All together, these tissue-specific oscillations last around 24 hours,
herby the name circadian rhythms, from the latin “circa diem”, translated

as “about one day’s.
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Figure 1 Schematic representation of the central and peripheral clock systems
and the various types of synchronizing cues®.

1.1.1 The molecular clock

At the molecular level both the central and peripheral clocks revolve
around a finely tuned transcriptional-translational feedback loop (TTFL),
which constitutes a cell-autonomous molecular clock machinery, that then
dictates the rhythmic expression of genes involved in metabolic, cell cycle,
biosynthetic and signal transduction pathways®.

The two main Core Clock Genes (CCG) are the Aryl hydrocarbon
receptor nuclear translocator-like 1 (ARNTL1) gene and the Circadian
locomotor output cycles kaput (CLOCK) gene, which are encoding for the
two transcription factors BMAL1 and CLOCK: the heterodimerization of the
two proteins provokes the activation of the BMAL1/CLOCK complex, that



translocates inside the nucleus, binds to E-box sequences (5'-CACGTG-3' o
5'-CACGTT-3') present in the promoter regions of target genes thanks to the
basic Helix-Loop-Helix (bHLH) structure of the BMAL1 protein, thus
activating the expression of the Period (Per1, Per2, Per3) and Cryptochrome
(Cry1, Cry2) proteins (Figure 2) 7. The Per and Cry proteins can then
heterodimerize and inhibit BMAL1/CLOCK activity, hereby forming a
primary regulatory feedback loop (Figure 2)8.9. The half-life of these protein
are crucial for the regulation of the period of the endogenous cell-
autonomous oscillations: the Casein kinase 1 CK15/e and AMPK are
involved in the phosphorylation and consequent degradation of Pers and
Crys respectively?0o-13,

BMAL1/CLOCK also promote the expression of a set of factors that
belong to the secondary feedback circuitry, that are Retinoic acid-related
Orphan Receptors (Rora, Rorf, Rory), and the orphan nuclear receptor
Rev-Erba Rev-Ervf3 (Figure 2). Ror proteins are transcription factors that
bind to the that positively regulate BMAL1 expression by binding to the
Retinoic Acid-Related Orphan Response Element (RORE) found within the
ARNTL1 promoter region, while Rev-Erba and Rev-Ervf are able to repress
BMAL1 expression by antagonizing Ror proteins at the level of RORE
sequences4514.15, Overall the secondary feedback loop is responsible for the
amplitude and robustness of the oscillations regulated by the molecular

clock.
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Figure 2: The molecular clock!.

Schematic representation of the Transcriptional-Translational Feedback Loop. The
BMAL1/CLOCK heterodimer promotes the transcription of its own repressors Pers and
Crys in a primary feedback loop. The Ror and Rev-Erb proteins, members of the secondary
feedback loop, will positively and negatively modulate the BMAL1 protein expression.
Overall the TTFL will also regulate a plethora of metabolic, signalling and epigenetic genes.

The intertwining between the rate of transcription, translation, post-
translational modifications and protein turnover of the various actors
belonging to the CCG determines the 24h fluctuation cycles regulated by the
circadian machinery at the molecular and cellular level4. There are,
however, other mechanisms in play which have not been studied yet in the
same extent as the circadian system, such as the ultradian rhythms, that
seems to be governed by systems independent of CCG function, like the

Xbp-1u protein?6.



1.2 The role of circadian clock in physiology
and pathophysiology

From 1950s onwards a large body of studies have highlighted the
importance of light exposure and its impact on the circadian system and on
physiologic processes in numerous living organisms?7. The retinal ganglion
cells not only sends signal to the SCN, but also display projection to brain
regions involved in metabolic regulation, such as the the sub-
paraventricular zone (sPVZ), the paraventricular nucleus of the
hypothalamus (PVH), while also indirectly reaching the dorsomedial
hypothalamus (DMH), the arcuate nucleus (ARC)8:19,

Hereby, it is clear the existence of a strong connection between
circadian clock synchronization with external cues and the orchestration of
the whole organism functions. Therefore, the misuse of artificial light, shift
work, jet-lag and other insults to the physiologic day/night cycle can
jeopardize not only circadian function, but can in turn compromise the
optimal function of multiple organs and tissues. The disruption of the
synchronization between internal clocks and external cues can result in
sleepiness, fatigue, digestive problems, irritability, to the point of even
increase the risk for cardiovascular disease, metabolic syndrome or

cancer20-22,

1.2.1 Circadian clock influence on metabolism

The circadian control over metabolism is well documented, while its
molecular mechanisms remain less understood. Glucose levels and insulin
sensitivity are known to vary at different times of the day, and it is known
that the circadian hormone melatonin can regulate insulin secretion during
nighttime23.24, Rodent studies have uncovered that loss in rhythmic
oscillations of glucose metabolism can lead to development in type 2
diabetes.

Mice with an altered sleep-wake cycle display impairment in glucose
tolerance and an inversion in normal clock gene expression25. Clock gene

mutation (Clock-A19) carrying mice display weak behavioural rhythms,



arrhythmic expression of metabolic genes in key organs like liver, muscle
and pancreas, resulting in compromised glucose and lipid homeostasis, as
well as in diet-induced obesity26-28. Loss of Bmal1 gene causes similar
abruption in locomotor activity, adipogenesis, hepatic glucose and
carbohydrate metabolism29-3t, Disruption of primary feedback loop
members such as PER2 proteins often result in altered insulin sensitivity,
hypoglycemia, obesity, while CRYs knout leads to increased expression of
gluconeogenic genes, as well as increased hepatic glucose production32-34.
In a similar fashion, mutations in various TTFL and Clock Controlled
Genes often result in impairments of lipid metabolism, ranging from
hypertriglyceridemia to lipid accumulation or malabsorption, leading to ,

mainly due to the disruption of liver and intestine function27.28.35.36,
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Figure 3. Schematic representation of the interplay between circadian clock
and metabolisms37.



1.2.2 Clock control over cellular and mitochondrial
metabolism

Mitochondria are pivotal elements in the regulation of several key
cellular processes, ranging from metabolic and energetic control to calcium
homeostasis and apoptosis regulation. From a metabolic point-of-view,
mitochondria harbour numerous fundamental processes such as the TCA
cycle, fatty acids oxidation and ATP production thanks to oxidative
phosphorylation (OXPHOS) carried out by the respiratory chain complexes
and ATP Synthases3”.

Mitochondria also are dynamic organelles: Damaged mitochondria
undergo a process known as fission, allowing their degradation, a process
named mitophagy, essential for the mitochondrial quality control. These
events are closely intertwined with the biogenesis of new mitochondria and
the consequent fusion of the newly formed organelles into the pre-existing
mitochondrial networks3s.

Chromatin immunoprecipitation (ChIP)-sequencing dataset for
Bmali, Clock, and Cry highlighted 211 mitochondrial-related genes as
targets, including OXPHOS complexes, TCA cycle, mitochondrial dynamics
and B-oxidation related genes, suggesting that these processes are under
control of the molecular clocks%4°. Moreover several nuclear-encoded
mitochondrial proteins are dysregulated in Clock mutant mice, while the
correlation between the oscillations of the mitochondrial transcriptome and
proteome showed only mild significance, pointing toward post-translational
modifications as an important crossroad in the circadian control over
mitochondrial function4!: in particular acetylome analysis of TCA cycle
proteins showed a CLOCK-dependent profile, and Bmal1 KO animals alters
mitochondrial proteins acetylation status42-44.

It has been demonstrated how the utilization of nutrients by
mitochondria changes during the day: the mitochondrial fatty acid importer
Carnitine palmitoyltransferase 1 (CPT1) displays oscillations that result in
rhythmic performance of respiratory activity4!. Another key enzyme in the
regulation of substrate utilization in mitochondria is the pyruvate

dehydrogenase, which exhibit a circadian-dependent alternation between



phosphorylated/unphosphorylated statuses, thus leading to the rhythmicity
in the oxidation of pyruvate4o4:, Mitochondrial respiration has been shown
to display a clock-dependent rhythmic oscillatory profile in mice liver and
in cell lines40:4345.46, and various mechanisms have been proposed to unveil
the clock-mitochondria relationship, many of which point toward the
circadian clock-NAD+ axis: NAMPT, the rate limiting enzyme in the NAD+
biosynthesis, is under circadian control, leading to the oscillation of NAD+
content, as well as oxygen consumption rate (OCR) and fatty acids
oxidation. Clock-driven NAD+ dependent deacetylase SIRT3 dictates
protein acetylation status inside the mitochondrial matrix, governing the
activity of enzymes and respiratory chain activity43.46. Another key regulator
in the interplay between clock machinery and mitochondrial metabolism is
AMP-activated protein kinase (AMPK), known to be the cellular energetic
sensor, which phosphorylates its targets upon drop of the ATP/AMP ratio.
One of the targets of AMPK is the master regulator of mitochondrial
biogenesis Peroxisome proliferator-activated receptor gamma coactivator 1-
a (PGC-1a), which is activated upon phosphorylation. AMPK is also able to
activate mitochondrial fission and mitophagy via mitochondrial fission
factor (MFF) and ULK1 respectively47.

Mitochondrial dynamics have also been shown to be controlled by
circadian machinery: the fusion of mitochondrial network peaks
coincidentally with the increase in ATP content and OXPHOS48-50. This
phenomenon is coordinated by the circadian-driven expression of proteins
that regulate fusion Mitofusin-1 (MFN1) Mitofusin-2 (MFN2) and Optic
Atrophy 1 (OPA1), and fission Dynamin related protein 1 (DRP1)40:48,
Notably, post-translational modification in Drp1 (de-activating
phosphorylation at Ser637) displays a 24h oscillation pattern48. Clock
dysfunction also results in abruption of rhythmic expression of
mitochondrial fission and mitophagy proteins, highlighting the prominent
role of circadian clock in the regulation of mitochondrial morphology
changes4.

The mechanism that feeds back from the mitochondria to the

molecular clock is still poorly understood. Pharmacological inhibition of



OXPHOS and depletion in mtDNA copy number causes strong disruption

of the clock gene expressions!.

1.3 Circadian system deregulation in cancer

Recent evidences have brought attention to the role of circadian
rhythms dysfunction and its association with increased risk of developing
cancer52. With the rapid industrialization and advancement of modern
society, an increasing proportion of the global population frequently
experiences disruptions to their circadian rhythms due to lifestyle factors
such as shift work, jet lag, exposure to artificial light at night, and irregular
sleep—wake patternst. Approximately 80% of the global population is
exposed to light during nighttime hours, and about 18-20% of the
workforce in the United States and Europe engages in night or shift work.
Such circadian misalignments are associated with an increased risk of
cancer, and these evidences led the International Agency for Research on
Cancer (IARC) to classify “shift-work that involves circadian disruption” as
potentially “carcinogenic to humans (Group 2A)” in 2007 and again in
201953. Animal studies demonstrated that Chronic jet-leg induced circadian
dysfunction promoted tumor growth and progression thanks to accelerated
tumor cell cycle progression and growth ratel. Moreover circadian
disruption promotes metastasis in a breast cancer mouse model by

increasing stemness and tumor-initiating potential of cancer cells!.

Molecular clock and cancer hallmarks

Molecular clock has a prominent role in the regulation of the cell
cycle, DNA repair, apoptosis, senescence, autophagy, and other oncogenic
and immune pathways. The circadian disruption can lead to uncontrolled
cell proliferation, evasion of apoptosis, metastatic dissemination, immune
escape, enhanced angiogenesis, and resistance to anticancer therapies — all
recognized hallmarks of cancer. Silencing of Bmal1 and/or Clock has been
shown to promote tumor growth and proliferation across several cancer
types, including hematologic malignancies, colorectal cancer, pancreatic

cancer, tongue squamous cell carcinoma (TSCC), breast cancer, lung



adenocarcinoma, hepatocellular carcinoma (HCC), nasopharyngeal
carcinoma (NPC), and glioblastoma (GBM), while the over-expression of
circadian activators can suppress malignant phenotype via cell cycle arrest
and p53-dependent induction of apoptosist. Notably, up regulation of
PER1/2 has been linked to tumor suppression, possibly via the inhibition of
PI3K/AKT/mTOR pathway and cell cycle arrest54:55. Primary feedback loop
members CRY1/2 have also been proposed as tumor-regulating factors by
promoting cMYC and E2F degradationst. These evidences have also been
validated by a large-scale analysis that unveiled the down-regulation of
PERs and CRYs among 32 human cancer types, indicating their role as

tumor suppressor factorss’.
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Figure 4. Schematic representation of clock alterations in different cancer

types

Other CCG members have been shown to have tumor promotive
function depending on the cancer type: BMAL1 knockdown can induce
increased apoptosis and cell cycle arrest in mesothelioma and cancer stem
cells (CSCs) derived from GBM or acute myeloid leukemia!. Moreover,
BMAL1 O.E. can promote invasion and metastasis in breast cancer
modelss8. CRY1 has been suggested to be behave as an oncogenic factor by
promoting DNA repair in tumors. Also Cry1/2-/- mouse model displays
enhanced apoptosis following UV or cisplatin induced DNA damages9.
Further investigations have demonstrated the tumor-promoting role of
CRY1, revealing how the TTFL member facilitates the degradation of the

10



tumor suppressor p53 through modulation of its interaction with the E3
ubiquitin ligase MDM2 proto-oncogene in bladder cancer cells®©.
Overall the role of the clock in oncogenesis, tumor progression and

metastasis remains to be fully elucidated.

Molecular clock and cell cycle regulation

A growing body of evidences is pointing to the role of CCG in the
regulation of cell cycle progression, as TTFL components have been
identified as transcriptional regulators of critical proteins involved in

checkpoints advancement.
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Figure 5. Schematic representation of the pathways linking the molecular

clock to the cell cycle.

Two main ways are known in which the clock can interact with the
cell cycle: the first one is the Bmali-induced expression of the kinase Weei,
that in turn can inhibit CDK1/Cyclin B, therefore blocking the G2/M
checkpoint progression (Figure 5)¢. The second pathway involves the
negative regulation exerted by Rev-Erba on the expression of the G1/S
checkpoint inhibitor p21 (Figure 5)¢2. Other TTFL members have a role in
the regulation of DNA repair, such as the CRY1 mediated activation of
ATR/CHK1 or the PERs interaction with ATM/CHK2 in case of DNA double
strand break®3-65,

Circadian machinery can also interact with tumor suppressor genes:

p53 can negatively regulate PER2 expression®. PER2 can also directly

11



interact with p53, leading to the enhanced expression of target genes like
p21%7. The oncogene c-MYC is also regulated transcriptionally by
Bmal1/NPAS2, while Cry2 promotes its degradation®8:69. In turn, c-MYC
can influence clock function by upregulating Rev-Erba, thereby inhibiting
Bmal1 expression, or by directly suppressing its expression by acting
together with the transcription factor MIZ170.71,

Altogether these evidences highlight the role of the circadian
clockwork as a cancer gatekeeper, governing multiple key cancer hallmarks,
and its deregulation could be a crucial step for tumour cells to bypass in

order to achieve malignancy.

1.4 Cancer Stem Cells

Tumor heterogeneity refers to the presence of genetically,
epigenetically, and phenotypically distinct subpopulations of cancer cells
that coexist both between different patients (inter-tumor heterogeneity)
and within the same neoplasm (intra-tumor heterogeneity)72. Intra-tumor
diversity arises from clonal evolution driven by mutations and selective
pressures, as well as from microenvironmental influences such as hypoxia,
stromal interactions, and immune infiltration73. Furthermore, cancer cell
plasticity enables phenotypic transitions that enhance adaptability to stress
and therapeutic challenges72.

Cancer stem cells (CSCs) represent a rare and highly tumorigenic
subpopulation within malignant tissues that possess the defining properties
of self-renewal, differentiation, and tumor initiation7273. In particular,
therapeutic resistance belonging to CSCs is one of the main driver of cancer
relapse and treatment failure, thus the development of targeted therapies to
eradicate CSCs are considered an unavoidable hurdle in the void to

eliminate tumor recurrence74.
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1.4.1 Cancer stem cell profile

CSCs are thought to be the basis of oncogenesis and are commonly
considered the “tumor initiating cells”75. One fundamental peculiarity of
CSCs is their capability to maintain an undifferentiated state through self-
renewal, having at the same time an elevated differentiation potential,
allowing the tumor to preserve a stem cell reservoir, while also generating
an heterogeneous progeny of differentiated cancer cells76.

Two different model have been proposed to explain the origin of
CSCs, a hierarchical model and a stochastic model: in the first one CSCs are
at the pinnacle of tumor hierarchy and can generate each single subclone
belonging to the neoplastic mass, being in this way the root of the disease;
the second model infers that tumors originates from the accumulation of
casual mutations in normal cell, and CSCs originates from the intratumoral
phenotypic heterogeneity77. Other evidences suggest that CSCs could
originate from malignant transformation of tissue-residents
stem/progenitor cells, or from events such as cell-cell fusion between
differentiated cancer cells and non-malignant stem cells78.

From a signalling and molecular point of view, CSCs exhibit a distinct
set of features that sustain their stem-like phenotype. Central to CSCs
biology are the developmental signalling pathways that regulate stemness
in normal tissues but become aberrantly activated in cancer, such as the
Wnt/p-catenin pathway, which promotes transcription of pluripotency
genes such as NANOG, SOX2, and OCT4, maintaining an undifferentiated
state7s. Another pathway involved in CSCs development is the Notch
pathway, which governs asymmetric division and cell-fate determination,
while Hedgehog (Hh) signalling sustains proliferation and resistance to
differentiation cues”2. Additionally, PI3K/Akt/mTOR and STAT3 cascades
enhance survival, metabolic adaptation, and protection against apoptosis,
integrating extrinsic signals from the tumor microenvironment 79. Crosstalk
between these pathways generates a robust, plastic signalling network that
enables CSCs to foster tumor growth while maintaining their intrinsic

pluripotency.
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Figure 6. Cancer stem cells markers and signalling pathways8°.

At the molecular level, CSCs are characterized by the expression of
specific surface markers, which may vary among tumor types, but can be
useful identifiers for CSC isolation and functional assays. One of the most
commonly reported markers include CD44, a membrane receptor
associated with increased proliferation, self-renewal, tumor initiation and
metastatic potential, found to be present in numerous CSCs belonging to
different cancer types, including colorectal, breast and gastric cancersso.

The biomarker CD133 (Prominin-1), is known to be expressed on
human Embryonic Stem Cells (hESCs) and only rarely found in normal
cells, and it is an established marker for CSCs characterization and isolation.
It has been found in breast, liver, stomach and colon cancers, and CD133+
cells display high tumorigenicity and spheroid forming ability, which are

also common CSCs features8c. Overall the presence of this marker is



associated with high cell malignancy and poor overall prognosis in
colorectal and breast cancerse.

ALDH1 is another key CSC marker, which is an enzyme that mediates
detoxification and correlates with enhanced self-renewal and resistance to

chemotherapy?7s.

1.4.2 Metabolic rewiring in CSCs

Metabolic reprogramming refers to the alteration of metabolic
pathways in cancer cells compared with their normal counterparts, enabling
the acquisition of a metabolic phenotype that supports uncontrolled growth
and survival. Such reprogramming ensures a continuous supply of energy
and biosynthetic precursors required for the proliferation and maintenance
of both cancer cells and cancer stem cells (CSCs)8. The enhanced
proliferative and metastatic potential observed in malignant cells reflects
profound metabolic dysregulation.

In 1924, Otto Warburg first reported the increased reliance of cancer
cells on aerobic glycolysis—a phenomenon now known as the Warburg
effect—whereby tumor cells preferentially metabolize glucose through
glycolysis even in the presence of sufficient oxygen$28s. In normal cells,
glucose is converted to pyruvate via glycolysis, which is then imported into
the mitochondria and oxidized through the tricarboxylic acid (TCA) cycle
coupled with oxidative phosphorylation (OXPHOS) to generate adenosine
triphosphate (ATP). Warburg demonstrated that, unlike normal cells, the
growth of cancer cells predominantly depends on glycolytic ATP production,
reflecting a fundamental shift in energy metabolism32.

We now know that this metabolic reprogramming not only tackles
the glycolytic flux activity, but affects amino acids and fatty acids
metabolism as well, processes that require mitochondrial bioenergetics to

be rewired in order to occur.

Glucose metabolism
Glucose is the main energy source in cancer cells, and its metabolism

is the better characterized among tumors. Normal cells oxidize glucose to
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carbon dioxide to produce energy through mitochondrial metabolism and
oxidative phosphorylation, but tend to switch to lactate production from
glucose in case of oxygene depleted conditions (anaerobic glycolysis)82. In
contrast to this scenario, cancer cell prefer to utilize glycolysis as the main
energy producing-flux even in presence normal oxygen conditions, and
CSCs have even higher rates of glycolytic activity84. To optimize glucose
uptake and utilization, cancer cells display high levels of glucose
transporter-1 (GLUT-1) and key glycolytic enzymes hexokinase-1 (HK-1)
and 281,

CSCs usually have increased glucose uptake and have preferential
glucose use in numerous cancer types, such as hepatocellular carcinoma.
Breast cancer CSCs have been found to have high pyruvate kinase and
lactate dehydrogenase (LDH) activity. However in cells where the
mitochondrial content is elevated, such as glioma cells, the glycolytic rate is

lower, as well as glucose consumptions:.

Mitochondrial metabolism

In normal cells more than 90% of ATP comes from mitochondrial
activity. Due to mitochondrial dysfunction, OXPHOS is often suppressed in
most CSCs, while the upregulation of mitochondrial respiration is a process
linked to epithelial-mesenchymal transition and metastasiss:.

Modulation of mitochondrial metabolism has been proposed as a
therapeutic approach in cancer: dichloroacetate (DCA), an inhibitor of
pyruvate dehydrogenase kinase (PDK), can enhance the pyruvate
dehydrogenase (PDH) activity and promote the production of Acetoacetyl
coenzyme A (Acetyl-CoA) from the glucose-derived pyruvate, hereby
shifting the cellular metabolism from glycolysis to OXPHOS, leading to
reduced cell proliferation in glioblastomass. DCA can also induce ROS
production and mitochondrial depolarization in CD133+ glioblastoma cells
both in vitro and in vivos®é.

Mitochondria is the major source of intracellular ROS, which are also
known to be second messenger in signaling cascades regulating cell

migration, proliferation, stemness maintenance and differentiations:. In
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normal conditions, ROS production is balanced by the cellular antioxidants
systems, and an imbalance in the fine equilibrium between the two can
cause oxidative stress, DNA damage and tumorigenesis8’. Breast cancer
stem cells display higher ROS scavenging capabilities due to high
antioxidant enzymes expression such as superoxide dismutase, catalase and

glutathione peroxidasess.

Glutamine metabolism

Glutamine is a non-essential amino acid required for cell
proliferation, being not only substrate for hexosamine and nucleic acid
synthesis, but can also be used as a carbon source to produce energy through
the TCA cycle in hypoxic conditions, as it is converted to glutamate by the
action of glutaminase and then to a-ketoglutarates:. Glutamate can also be
used for glutathione (GSH) synthesis, an important reducing agent used to
maintain cellular redox balances!.

The CD44 present in CSCs can interact with the glutamate cystine
transporter xCT (SLC7A11), thus promoting GSH synthesis and ROS
scavenging potential in gastrointestinal CSCs. The overexpression of the
xCT transporter is a common feature in various cancer cell types, including
breast, hepatocellular carcinoma and colorectal cancer. High expression of
the transporter is also a poor prognosis in lung cancer, while its

downregulation reduces proliferation and invasion potential in non-small
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cell lung cancer. Finally xCT regulates the expression of stem cell markers,

such as Nanog and Sox-2 in glioma cells.
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Figure 7. Metabolic rewiring in CSCs31.

Cancer stem cells exhibit high glycolytic activity, as well as increased glutamate and fatty
acid (FA) catabolism, thereby supplying additional metabolic intermediates to the
tricarboxylic acid (TCA) cycle and supporting enhanced ATP production. Key metabolic
reprogramming pathways, including the PI3K—AKT—-mTOR signaling axis, play a central
role in sustaining these metabolic shifts and have emerged as promising targets for cancer-
directed therapeutic interventionsst. OXPHOS: oxidative phosphorylation; NADH:
nicotinamide adenine dinucleotide reduced form; NAD: nicotinamide adenine
dinucleotide; ROS: reactive oxygen species; EMT: epithelial-mesenchymal transition;
GLUT: glucose transporter; MCT1: monocarboxylate transporter 1; MCT4:
monocarboxylate transporter

Lipid metabolism

Fatty acid (FA) metabolism is another key pathway required for
cancer growth, as the carbon chain can be oxidized in mitochondria in a
process called fatty acid oxidation (FAO). FAO is regulated by the carnitine
palmitoyltransferase 1 (CPT1) enzyme, which regulates the entrance of
activated fatty acids (Acyl-CoA) into the mitochondrial matrix89. The final
product of FAO is Acetyl-CoA, which can be oxidized by the TCA cycle to
produce ATP#89.

In CSCs the levels of unsaturated fatty acids is elevated, and there is
a high expression of key enzymes involved in FA synthesis, such as citrate
lyase, acetyl CoA carboxylase and fatty acid synthase, which are regulated
by the lipogenic transcription factor (SREBP1c). Additionally the fatty acid
transporter CD36 is also upregulated in CSCs81.
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The mevalonate pathway, required for cholesterol and steroid
hormones synthesis, seems also to be involved in CSCs homeostasis.
Hydoxymethylglutaryl CoA (HMG-CoA) reductase is the rate limiting
enzyme in mevalonate pathway, which has been found to be Highly
expressed in CSCs. Statins are inhibitors of HMG-CoA reductase, and can
reduce CSCs number8:. Metformin treatment, a known AMPK activator and
HMG-CoA reductase inhibitor, can reduce the number of CSCs in prostate
cancer. The mevalonate pathway accelerates proliferation in pancreatic
cancer CSCs, and atorvastatin can inhibit this proliferation effects:.

Overall CSCs display notable alterations in metabolic pathways
involving a plethora of different substrates, even when compared to normal
cancer cells. Targeting metabolism has been demonstrated as a promising
way to integrate conventional chemotherapy to unveil vulnerabilities in
CSCs. However, given that metabolism has been shown to be strictly
controlled by circadian rhythms, it is likely that a deregulation of the
intricate interplay between bioenergetic pathways and the clockwork

machinery can be an advantageous hallmark for CSCs to evade.

1.5 Cancer stem cells and clock: unexplored

territory

The relationship between the clock and stemness is an emerging field
of research that carries multiple implications, such as the role of the clock
in stemness maintenance and differentiation. Pluripotent stem cells like
Embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs)
typically do not have rhythmic oscillations in clock genes expression, which
then arise during differentiation2. The same concept seems to be true in the
opposite direction: when terminally differentiated cells are reprogrammed
to iPSCs using Yamanaka factors (Oct3/4, Sox2, Klf4, and c-Myc) circadian
oscillatory phenomena are lost2. The deregulation of circadian clockwork in
stem cells seems to be governed by DNA methyltransferase (Dnmti), found
to be essential for both circadian development and differentiation of mouse

ESCs%. In similar fashion, human ESCs display an induction of Per2
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rhythmic expression during differentiation into cardiomyocytes, while clock
function appeared upon iPSCs differentiation into chondrocytes2. It has to
be noted anyway that, despite the lack of oscillatory phenomena, clock genes
are still expressed in stem cells, suggesting a possible non-canonical role of
these genes in stemness maintenance29.

The increasing evidence circadian clock regulation of cancer
hallmarks and tumorigenesis is leading scientists to study its role in CSCs,
with the hope to specifically target the stem subpopulation in tumors. As of
today anyway, studies addressing the circadian rhythm function in CSCs are
scares. Arpan De et al. have induced EMT in C6 glioma cells and MCF-7
breast cancer cell in vitro, finding enhanced Per2 rhythmic expression and
overall circadian gene expressionv2. The stem cell population in this model
also showed enrichment in stemness markers (CD133, OCT4) and
metastasis markers (ZEB1 and TWIST). Molecular clock synchronization
also led to the increase in EMT events 3 hours post synchronization, leading
to the speculation that invasion could be more likely to occur at specific
circadian times92.

The relationship linking circadian clock and its role in the regulation
of cell proliferation is one of the main focus in cancer pathophysiology.
Genetic silencing of BMAL1 or CLOCK can increase cell proliferation in
hematological, colon, pancreatic, breast and lung cancer, while
overexpression works in the opposite direction, promoting cell cycle arrest
and apoptosis22. There are evidences that the suppression of proliferation
exerted by the clock acts via PER1/2-mediated inhibition of the
PI3K/AKT/mTOR signaling cascade22. However these study were carried
out analyzing the bulk of the tumor rather than CSCs subpopulation, on
which studies are needed to clarify the relationship of Clock genes and

enhanced proliferative potential22.

Matsunaga et al. characterized CSCs from mouse 4T1 mammary
tumours using ALDH activity as a marker, unveiling how ALDH-positive
(ALDH+) cells lacked circadian rhythmic expression of Core clock genes

such as Clock, Bmali, Per2, Cry1 and Rev-Erba%. In contrast, ALDH- cells
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displayed robust oscillations of the same genes, suggesting a similar
deregulation in CSCs previously observed in ESCs and iPSCs. A follow-up
study from the same group revealed that the expression of CLOCK is able to
reduce the ALDH+/ALDH- ratio, suppressing stemness and tumor
growtho4.

Regulates Promotes
—— | Cancer Stem | Proliferation Chrono
Cells Disruption

Circadian Clock
Gene Expression

Tumor Microenvironment

Immune Microenvironment

Affects

Figure 8. Proposed model on the role of chrono disruption on CSCs
proliferation and pasticity?22.

However contrasting evidences are the ones found by Dong et al., as
they observed that BMAL1/CLOCK knockdown reduced proliferation and
self-renewal in glioblastoma CSCs9. In the same study the use of a Rev-Erb
agonist was able to downregulate stemness and CSCs growth.

It has been previously observed how circulating tumor cells are
regulated in a circadian manner, and that the metastasis burden can be
amplified by circadian disruption in MMTW:PyMT mouse model2. To date
there are no studies that demonstrate direct evidence of circadian rhythms

regulating CSCs metastatic potential.

1.5.1 Chronotherapy as a possible anti-cancer
treatment

As previously discussed, there is a bulk of evidences pointing toward
chronobiology as a key aspect in CSCs biology, thus understanding circadian

mechanisms is a matter of particular interest in cancer research.
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In the past ten years the timing of chemotherapy administration has
been explored as a way to match the patient’s circadian rhythms2. Given
that, depending on the cancer type, some subset of CSCs display active
rhythms, a timed administration of drugs could be an effective strategy
against those subsets. Conversely, in the case of clock-deficient CSCs, where
clock repression may have a pivotal role in self-renewal, stemness
maintenance and chemotherapy resistance, thus a possible
chronotherapeutic intervention could foresee the pharmacological
induction of Core clock genes using Rev-Erb agonists or CRY stabilizers,
although there is still a lack of mechanistic understanding on the role of
those clock genes in oncogenesis2.

These potential application are, however, still far from being
applicable in a clinical setting, and a deep characterization of molecular
mechanism interactions between the clock and Cancer stem cell is needed

in order to make chronotherapy a reality in the future.
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2 AIMS

The following work stems from the existing literature gap regarding
the relationship between Cancer stem cells phenotype and circadian
rhythms, with metabolic rewiring and drug resistance being a possible
intersection connecting the two.

The first main aim was to perform a circadian phenotypic
characterization among several in vitro models of Differentiated and Cancer
Stem-like cells in order to better understand the still controversial role of
clock function in CSC biology.

The second aim was to investigate whether different clock functional
profile can influence the circadian regulation of cellular bioenergetics and
metabolism.

The third aim was to elucidate the role of circadian rhythms in the
enhanced cell proliferation displayed by CSCs, and possibly how clockwork
function influences the known drug resistance of CSCs, in the sake to
identify new chronotherapeutic targets to adjuvate with conventional

chemotherapy.
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3 MATERIAL AND METHODS

3.1 Cell cultures

All cell lines used in the present study were purchased from American
Type Culture Collection (ATCC, Manassas, VA, USA), except for 3AB-OS
cells, which were gently provided by Prof. Luigi Del Vecchio (Department of
Molecular Medicine and Medical Biotechnologies, University of Naples
Federico II). All cells were cultured at 37°C in a 5% CO- humidified
atmosphere in complete DMEM High Glucose medium (25 mM glucose),
supplemented with 10% fetal bovine serum, penicillin—streptomycin (100
U/mL) and 2 mM L-glutamine (all these products were purchased from

Biowest, Nuaillé, France).

3.2 Synchronization of cultured cells

Clock genes synchronization of cultured cells was performed as
previously described in literaturev6.97.

Briefly, synchronization was obtained by incubating cells with
complete medium supplemented with 0.1 uM dexamethasone for 1 hour;
cells were then washed with PBS and the fresh medium was added to allow
the cells to settle. Cells were then harvested at different timepoints as
indicated in figures.

Serum shock was also used as a synchronization method: cells were
incubated for 2 hour in a serum-rich medium (50% FBS), then normal
media was then reintroduced.

Cell cultures were typically assayed at a confluence of 80—90%.

3.3 Lentiviral particles production

HEK293T cells were seeded in a T75 flask the day before. For
transfection, a total of 600 pL of 2xHBS (CallPhos™ Kit, BD Biosciences
#631312) was prepared, containing 8.4 ug of the transfer plasmid (pBMAL-
Luc), 6 ug of the packaging plasmid (pPAX), 3.6 ug of the envelope plasmid
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(pMD2.G), 526 uL of H20 (CallPhos™ Kit, BD Biosciences #631312), and
74 uL of the supplied 2 M calcium solution (CallPhos™ Kit, BD Biosciences
#631312). The transfection mix was incubated at room temperature for 20
minutes to allow formation of the calcium—DNA complex. Subsequently,
1.75 mL of this mixture was added to the T75 flask containing the HEK293T
cells. The culture was incubated overnight in a humidified incubator at 37°C
with 5% COz2. The following morning, a medium change was performed.
After an additional 24 hours, the supernatant containing lentiviral particles
was collected and stored at 4°C, while fresh medium was again added to the
flask. A second harvest of the viral supernatant was performed the next day.

For virus concentration, 1 volume of PEG (polyethylene glycol;
Abcam ab102538, PEG Virus Precipitation Kit) was added to every 4
volumes of combined supernatant. The mixture was stored at 4°C for up to
48 hours and then centrifuged at 1,500 x g for 30 minutes at 4°C. The
resulting supernatant was centrifuged once more under the same
conditions. The two viral pellets were resuspended in cold sterile PBS at
1/100 of the original volume. The concentrated lentiviral stocks were then

aliquoted and stored at —-80°C until use.

3.4 Lentiviral transduction

Cells were seeded in 6-well plate at 70-90% confluency. For lentiviral
infection, cells were incubated for 24 h with media containing 4ug/ul of
Polybrene transfection reagent and 5 ul/ml of lentiviral particles.

To ensure the maintenance of stable clones, puromycin was added to

the culture media as a selection agent.

3.5 Real-time bioluminescence measurement
The day before the experiment, transduced cells containing the
luciferase gene controlled by the BMAL1 promoter were seeded in 35mm
dish (Thermo Scientific). Cells were synchronized using 0.1 uM
dexamethasone, washed twice with PBS, then DMEM without phenol red

and with 250 uM D-luciferin was added. Luciferase activity was measured
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by adopting the LumiCycle system (Actimetrics), which allows the real time
luminescence measurement in temperature and CO2 controlled conditions.
The analysis was carried out using the LumiCycle software: the mean
baseline was subtracted from raw luminescence data, which were further
analysed with the Cosinor equation. Parameters of the best fitting curves
were then statistically analyzed to compare the different cell line

oscillations.

3.6 Measurement of proliferation with

xCELLigence platform
The xCELLigence System Real-Time Cell Analyzer (ACEA

Biosciences, San Diego, CA, USA) was used for monitoring cell proliferation.
Cells were seeded at a cell density 4000 cells/well in 16-well E-plates, which
was then connected to the RTCA platform placed into a cell incubator at 37
°C and 5% CO2. Approximately 24 h after seeding, medium was removed
and cells were synchronized with either serum shock or by media change.
Cell proliferation was monitored every 30 min for a period of up to 96 h,
measuring changes of electrical impedance as a dimensionless parameter
termed cell index (CI). CI was normalized just before treatment and
converted into normalized cell index (NCI), calculated as follows:
NCI = Clend of treatment/Clnormalization time, by the RTCA-integrated software
(Version 2.0, ACEA Biosciences, San Diego, CA, USA) as previously
described9s.

To measure changes in cell proliferation rate, time-resolved
measurement of the growth curve slope were plotted by the RTCA-software

and subsequently analyzed using the Cosinor equation.

3.7 Reverse Transcriptase Real-time PCR
Total RNA was extracted by using the TRIzol Reagent (#15596026,

Invitrogen, Carlsbad, CA, USA) following manufacturer instructions. RNA

samples were treated with DNasel (#18047019, Invitrogen, Carlsbad, CA)
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and quantified using Nanodrop ND-1000 (Thermo Scientific, Waltham,
MA, USA). 1 ug of RNA was reverse-transcribed using the iScript cDNA
Synthesis kit (Bio-Rad Laboratories, Hercules, California, USA).

qPCR was performed using the SsoAdvanced Universal SYBR Green
Supermix (#1725271, Bio-Rad Laboratories, Hercules, California, USA) in a
CFX96 Touch Real-Time PCR Detection System (Bio-Rad Laboratories,
Hercules, California, USA), with each 10 ul reaction containing 50 ng of
cDNA as a template. The following primers from Bio-Rad Laboratories
(Hercules, California, USA) were used: ARNTL1 (qHsaCID0023313),
NR1D1 (qHsaCIP0030036), PER1 (gHsaCID0014451), PER2
(gHsaCID0010055), PER3 (qHsaCEP0049383), CRY1 (qHsaCID0014000)
and TBP (qHsaCID0007122). A technical duplicate was performed for each
sample. The relative expression of the target genes was quantified using the

comparative threshold cycle (2-24¢t) method and normalized to TBP levels.

3.8 Western blot

Cells were detached using trypsin 1x (Biowest, Nuaillé, France) and
centrifuged at 300 g for 5 minutes. The cell pellet was resuspended in RIPA
buffer 1x containing protease and phosphatase inhibitor cocktail (Sigma-
Aldrich, St. Louis, MO, USA), and incubated at +4° C for 30 minutes. Cell
lysates were then centrifuged at 12.000 g for 15 minutes at +4° C. The
supernatant was collected and quantified by Bradford protein assay (Bio-
Rad Laboratories, Hercules, CA, USA).

Aliquots of cell lysates, containing 20 pg of proteins, were subjected
to SDS polyacrylamide gel electrophoresis using the TGX Stain-Free™
FastCast™ gels (Bio-Rad Laboratories, Hercules, CA, USA) and were
subsequently blotted on a nitrocellulose membrane using the Trans Blot
Turbo Transfer System (Bio-Rad Laboratories, Hercules, CA, USA) and
blocked in a TPBS 1x+ 5% BSA for 1 hour at room temperature or with
EveryBlot Blocking Buffer (Bio-Rad Laboratories, Hercules, CA, USA) for 5
minutes at room temperature. Membranes were probed overnight at +4°

with the following primary antibodies diluted in TPBS 1x+ 5% BSA: Anti-
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Bmal1 (D2L7G) Rabbit mAb, #14020 (1:1000, Cell Signaling Technologies,
Danvers, MA, USA), Anti-Rev-Erba/NR1D1 Rabbit pAb (A18602, ABclonal,
Woburn, Massachusetts, US), Anti-B-actin, #A5441 (1:10.000; Sigma
Aldrich, St. Louis, MO, USA). Membranes were probed with a
correspondingly suited horseradish peroxidase-conjugated secondary
antibody (1:5000 for anti-rabbit, 1:3000 for anti-mouse, Bio-Rad
Laboratories, Hercules, CA, USA) for 1 hour at room temperature.
Chemiluminescent signals were developed using the Clarity Western ECL
Substrate (Bio-Rad Laboratories, Hercules, CA, USA), acquired with the
ChemiDoc Imager system (Bio-Rad Laboratories, Hercules, CA, USA) and
densitometric analysis was performed with the Image Lab 6.1 software

(Bio-Rad Laboratories, Hercules, CA, USA).

3.9 Real-time oxygen consumption rate

measurement with Resipher® technology

The real time OCR measurement was obtained using the Resipher®
platform (Lucid Scientific). 3000 cells/well for 3AB-OS and 5000 cells/well
for MG-63 cells were seeded in a 96 multi-well. Assay media was allowed to
equilibrate in the cell incubator at 37° C, 5% CO2 overnight. After
synchronization with 0.1 uM dexamethasone, the assay media was added to
each well to a final volume of 200 ul. The respiratory profile was monitored

through the https://lab.lucidsci.com portal. At the end of the experiment,

the mean baseline values was subtracted from the raw OCR values to obtain
the first derivative or the slope rate-of-change of the curve which was then

analysed with the Cosinor equation.

3.10 Metabolic flux analysis

Metabolic flux analysis was performed using an XF96 extracellular
flux analyzer (Agilent Technologies, Santa Clara, CA, USA), which allows for
the simultaneous measurement of Oxygen consumption rate (OCR) and

Extracellular acidification rate (ECAR). Briefly, cells were seeded onto a
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Seahorse 96-well plate at a density of 4000 cells/well for MG-63 and 5000
cells/well for 3ABOS cells and were allowed to settle overnight. To allow for
a common end-point measurement for different time points, cells were
subjected to a modified synchronization protocol following a 4-h out-of-
phase time-schedule. The day of the assay, the growth medium was
replaced with 180 pL of bicarbonate-free DMEM supplemented with 25 mM
glucose, 2 mM glutamine and 1 mM sodium pyruvate (all purchased from
Sigma-Aldrich, St. Louis, MO, USA) . Cells were preincubated in a COx-free
incubator at 37 °C for 45 minutes.

OCR was measured under basal conditions and after sequential
injection of  oligomycin (1 uM), carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone, FCCP (0,5 uM), and
rotenone + antimycin A (1 uM+1 pM) to evaluate the ATP-linked
respiration, the maximal respiratory capacity, and the non-mitochondrial
oxygen consumption, respectively. For ECAR analysis 50 mM 2-
deoxyglucose was added in order to determine the glycolysis-independent
acidification. The OCR and ECAR values were normalized to the protein
content in each well, quantified by BCA assay (Thermo Scientific, Waltham,
MA, USA).

The cellular ATP production rates were quantified using the Agilent
Seahorse XF ATP real-time assay kit using label-free technology in real time
as specified by the manufacturer. Briefly, glycolytic ATP production rate can
be derived stoichiometrically from the glycolytic acidification measurement
(glycolytic proton efflux rate, glycoPER) according to the following
equation:

glucose + 2 ADP +2 Pi — 2 lactate + 2 ATP + 2 H20 + 2 H+;
the glycolytic proton efflux rate (glyco PER) was determined by accounting
for the medium buffering factor (BF). BF was calculated separately by
measuring pH changes elicited by consecutive additions of titrated HCl in 5
mM Hepes-supplemented DMEM. The mitochondrial ATP production rate
(mitoATP) was equal to OCRarp x 2 x P/O (mol ATP/mol O), where OCRarp
was the difference between the basal OCR and the OCR in the presence of
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oligomycin; a theoretical P/O ratio of 2.75 was assumed based on the

combined oxidation of glucose, fatty acid, and glutamine.

3.11 Polar metabolites and lipids extraction

Cellular pellets were resuspended with 500uL of cold methanol
(MeOH), vortexed and incubated on ice for 20 minutes to extract polar
metabolites. Then, samples were vortexed and centrifuge at 800 g for
1minute a 0°. Supernatant was collected, while the pellet was subjected to
two additional extraction steps, first with 500 uL of MeOH, then with 250puL
of MilliQ water (H20), both followed by vortex and centrifugation. At each
step supernatant was recovered. Finally, the combined supernatants were
split to analyze separately polar metabolites and lipids, dried, and finally
reconstituted as follows: 80 uL of acetonitrile (ACN) and H20 (50:50 v/v)
for polar metabolites analysis, 80 pL of isopropanol (ISO) for lipids analysis.
Quality control samples (QC samples) were prepared pooling 10 pL of each

sample in a single tube.

3.12 LC-MS analysis
Samples were analyzed using an UHPLC-MS platform which

includes an Agilent 1290 II liquid chromatography system coupled to a
quadrupole-time-of-flight mass spectrometer (Q-TOF — Agilent
Technologies, Palo Alto, CA, USA). The chromatographic separation for
polar analytes was achieved using an InfinityLab Poroshell 120 HILIC-Z (2.1
X 150mm 2.7um) column, the chromatographic eluents were: A, 100%
20mM ammonium acetate and 5uM medronic acid; B, 100% ACN. The
gradient applied was: 0 min 90%B, 1 min 90%B, 8 min 78%B, 12min 60%B,
15 min 10%B, 18 min 10%B, 23 min 90%B, at flow rate of 0.4 mL/min. The
mass spectrometer operates at a resolution of 40000 FWHM with a full scan
range of 40-1200 m/z in both positive and negative polarity. On the other
hand, the lipidome separation was achieved with ACQUITY UPLC CSH C18
Column (2.1 x 100 mm, 1.7um - Waters, Milford, MA, USA). The mobile

phases for chromatographic separation were: A, 10 mM ammonium
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acetate:ACN 40:60 v:v with 0.1% acetic acid; B, ISO:phase A 90:10 v:v. The
elution gradient was: 0 min 99% A, 1 min 99% A, 1.10 min 60% A, 5 min
20% A, 11 min 20% A, 12 min 1% A, 18 min 1% A, 18.10 min 60% A, 20 min
99% A, at flow rate of 0.25 mL/min. The resolution of the mass
spectrometer was set at 50000 FWHM and it operates in full scan range of
m/z 100-1350. The samples were analyzed in full scan mode in triplicate
both in positive and negative ESI mode. QCs were used to monitor the
performance of the analysis and were injected every 5 samples. At the end
of the analysis, 5 injections of QCs were used to collect MS/MS spectra in

data dependent mode (DDA) using an iterative approach.

3.13 Metabolomics data analysis and statistics

Mass Profiler Professional Software provides a comprehensive
platform for processing and analyzing data obtained from Agilent mass
spectrometers and was used for raw data analyses. The tool MassHunter
Profinder permits a rapid batch-processing feature integration and
annotation using LC/MS Personal Compound Databases. Our in-house
library for polar metabolites and lipids was built based on accurate mass,
MS/MS, isotopic pattern and retention time, and using online databases as
HMDB [REF: 10.1093/nar/gkx1089] and METLIN [REF:
10.1021/acs.analchem.7bo4424]. The samples analyzed in Full scan were
matched based on mass formula extraction and retention time against our
in-house database.

The extracted data were normalized by the sum of the intensity of all
the features, and then logio transformed and mean centered before
univariate and multivariate analyses using Metaboanalyst 6.0 [REF:
10.1093/nar/gkae253]. Exploratory Principal Component Analysis (PCA)
was applied to detect specific patterns in the data. Student’s t-Test with
False Discovery Rate (FDR) was performed to complete the results of
multivariate data analysis. Variables with FDR p-values less than 0.05 were
selected as significant data. Enrichment pathway analysis was performed on

the relevant identified metabolites and lipids using enrichment analysis tool
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on Metaboanalyst 6.0 and with LION/web [REF:

10.1093/gigascience/giz061], respectively.

3.14 COSINOR Analysis

Time-resolved data points were subjected to non-linear regression

analysis by using the Cosinor equation99:
: t—¢@
f)=M + A-eC a)-cos(Zn-T>+ s-t

where the following parameters were obtained: M = MESOR (Midline
Statistic Of Rhythm, a rhythm-adjusted mean), A = amplitude (a measure
of half the extent of predictable variation within a cycle); P = period
(duration of one cycle); and ¢ = acrophase (a measure of the time of overall
high values recurring in each cycle, corresponding to the time post-
synchronization when the first peak appears). The parameters of the best-
fitting curve were then subjected to statistical analysis. The non-linear fit
was performed using the GraFit software (V 4.0.13, Erithacus Software
Limited, East Grinstead, West Sussex, UK).

3.15 Statistical analysis

Data are presented as mean+SEM or mean+SD. Data were analysed
with Welch’s t-test or one or two-way ANOVA followed by Sidak’s post-hoc
test for multiple comparisons. p-values<0,05 were considered as

statistically significant. All statistical analysis were performed using Graph
Pad Prism (Graph Pad software, v 10.6, San Diego, CA, USA).
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4 RESULTS AND DISCUSSION

4.1 CSCs display an overall deregulation of

Bmal1 promoter function

In order to evaluate the circadian function in Differentiated Cancer
cells (DCCs) and CSCs, we choose several models of bladder cancer, breast
cancer and osteosarcoma, and for each one we selected a differentiated and
a stem-like cell line, having in this way in vitro models that recapitulate the
tumor bulk-CSCs dichotomy. In the bladder cancer model we choose RT4
cell line as a DCCs, as it derives from a non-invasive, well differentiated
transitional cell papillomat0o; the CSCs counterpart we selected is the T24
cell line, a muscle-invasive form of bladder cancer, which also express EMT
and stem cell-like markers such as CD44 101-103, The osteosarcoma model
saw the use of differentiated cells, MG-63, and cancer stem cell line 3AB-
OS, which was obtained from long-term exposure of MG-63 to 3-
aminobenzamide, resulting in the selection of a CD133+ stem sub-clone of
the original cell line04. In the case of breast cancer, we adopted the MCF-7
cell line, expressing estrogen, progesterone and androgen receptor,
resembling differentiated, hormone responsive, non-aggressive breast
cancer05106 and MDA-MB-231 cells, a highly aggressive, triple negative
breast cancer cell line, which also express the stemness marker CD44107:108,

We performed lentiviral transduction to obtain stable clones of each
cell line, expressing a sequence bearing the luciferase gene preceded by the
Bmal1 promoter. In this way the expression of the luciferase under control
of the Bmal1 promoter activity can serve as a proxy measurement of the
circadian machinery functionality at the molecular level109. Analysis of real-
time bioluminescence following clock synchronization in the bladder cancer
model revealed a robust rhythmic oscillation in Bmal1 promoter activation
in RT4, characterized by a 20 hour period (Figure 9 A). On the other hand,
T24 stem-like cells displayed a quite dampened profile, as the amplitude of

the curve was significantly reduced, while the period did not change (Figure
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9 A). The first positive peak (acrophase) in Bmal1 promoter activity was also
shifted ahead in T24 (Figure 9 A).
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Figure 9. Real time bioluminescence monitoring of pBMAL1::luc transfected
cells. Bladder (A), osteosarcoma (B) and breast (C) cancer cells lentivirally transduced
with pBMAL1::luc construct were synchronized and bioluminescence was measured over
48 hours. Round dots represent mean+SEM of N=3 independent experiments; continuous
line represents Cosinor best fit values. Histograms represents Cosinor fitting values
(mean+SD), which were compared using Welch’s t-test, p value are shown for each

comparison.
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Similarly to what we found in RT4, in differentiated osteosarcoma
cells MG-63 Bmal1 promoter activation followed a very robust, 24 hour
circadian profile (Figure 9 B), while in 3AB-OS stem sub-clone the
amplitude was dramatically reduced in a significant way, as well as a longer
oscillatory period and higher acrophase, suggesting an overall deregulation
of circadian function in osteosarcoma CSCs.

In breast cancer we observed in MCF-7 differentiated cells that Bmali1
promoter undergoes a strong activation 24 hours after synchronization
(Figure 9 C), with a peak at about 36 hours post dexamethasone treatment,
while in other DCCs the acrophase was at about 10-12 hours post
synchronization. In MDA stem-like cells we observed a completely reversed
phenotype, with a quick response and then a rapid loss of the
synchronization stimulus in the Bmal1 promoter activity (Figure 9 C).

These findings indicate that DCCs display quite strong rhythmicity in
the Bmal1 promoter activity, thus suggesting a functional molecular
clockwork, although the oscillatory profile tended to vary when taking into
considerations different tumor types. In CSCs we found an opposite
phenotype, where the rhythmic activation of the molecular clock had a less
marked amplitude, with a strong attenuation of the oscillation as time
progressed, resulting in an overall less robust pattern, which could be an

indication of poor circadian function.

4.2 mRNA expression and circadian pattern is

impaired in CSCs

Stemming from the previously shown results, we then focused our
attention on the osteosarcoma model for two reasons: being 3AB-OS a direct
sub-clone derived from the differentiated counterpart, this model is the only
one recapitulating with higher fidelity the tumor bulk-CSCs dichotomy, thus
it is an ideal model to study intratumoral heterogeneity; secondly, this
model has been extensively characterized in the past both from a molecular
and metabolic plasticity point of view and also regarding

chemoresistance!04.110.111 making it the most relevant model to the aims of
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Figure 10. Core clock genes expression in osteosarcoma differentiated and
stem cancer cells. mRNA expression levels of ARNTL1 (A), NR1D1 (B), PER1 (C), PER2
(D), PER3 (E) and CRY1 (F) measured with qPCR. In non-synchronized conditions bar
graphs represent mRNA expression normalized to TBP levels relative to MG-63, shown as
mean+SEM, where dots represent each biological replicate. In synchronized experiments,
plotted round dots represent mRNA expression normalized to TBP relative to MG-63
average, shown as mean+SEM of N=3 independent biological replicates values; continuous
line represents Cosinor best fit values. Bar graphs on the right represent Cosinor fitting
parameters (mean+SD); two-way ANOVA with Sidak’s post hoc test for multiple
comparisons was used to compare Cosinor fitting values; p-values are shown for each
comparison.

We therefore proceeded to perform a molecular characterization of
the circadian phenotype of the osteosarcoma model, finding that basal level
of the master clock regulator ARNTL1 (the gene encoding for Bmal1 protein)
and secondary feedback loop member NR1D1 (the gene econding for Rev-
Erba) transcript was strongly reduced in 3AB-OS (Figure 10 A-B). We also
measured PERs and CRY1 mRNA expression, finding only in PER1 a non-
significant increase in CSCs (Figure 10 C-F). We then measured mRNA
expression in synchronized cells, revealing a similar scenario previously
observed, where 3AB-OS have an altered oscillatory patter in ARNTL1
(Figure 10 A) compared to MG-63, showing a significant reduction in mesor,
amplitude and period. The results were even more dramatic when
examining NR1D1 oscillatory patter, which in MG-63 followed a robust 24
hours circadian profile, whereas in CSCs was completely abolished, as the
mesor and amplitude were significantly lower (Figure 10 B). A similar
outline could be drawn when taking into account PER1/2/3, where the
rhythmic profile in CSCs is absent even if the basal gene expression is not
changing compared to MG-63 (Figure 10 C-E), suggesting a potential non
canonical role of PER genes in 3AB-OS. In CRY1 oscillatory expression we
found no significant differences between the two cell lines (Figure 10 F).

Overall the results corroborated the previously obtained data,
showing a substantial impairment in the canonical clockwork functionality

in osteosarcoma CSCs.
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4.3 Differential protein expression pattern in

Differentiated and Stem Cancer cells

Next we focused the attention on Bmal1 and Rev-Erba, being the two
CCGs that were substantially deregulated in both the basal mRNA
expression level and in the circadian profile in CSCs. Western blotting
analysis in non-synchronized cells confirmed the reduced Bmal1 protein
expression in 3AB-OS cells (Figure 11 A), which was previously observed in
the transcript analysis. However, this was not true in the case of Rev-Erba,
where protein expression levels in basal conditions were upregulated in
3AB-OS (Figure 11 C), whereas the mRNA levels showed an opposite trend.
One possible explanation to this counterintuitive result could be that in
3AB-OS Rev-Erba mRNA levels are low because of low levels of its
transcriptional activator, Bmali, while Rev-Erba protein accumulates
possibly due to slower degradation rate. Previous reports have also shown
that the transcription factor c-myec is involved in clock genes regulation:
similarly to Bmali, c-myc contains a basic helix-loop-helix motif, which
allows its binding to E-box sequences found in promoter regions; c-myc
upregulation in U20S cells is able to modulate and disrupt the clockwork by
inducing Rev-Erba expression, which then inhibits Bmal1 protein
expression7°. Coherently with this scenario, we observed an upward trend
of c-myc expression in 3AB-OS cells, which could explain the Rev-Erba
increase and Bmali1 reduced protein levels when compared to MG-63 cells

(Figure 11 B).
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Figure 11. Basal and synchronized protein expression analysis of Bmal1 and
Rev-Erba. Protein expression analysis by means of western blotting. Representative basal
level blot and relative densitometry of Bmal1 (A) c-myc (B) and Rev-Erba (C), bar graphs
show the densitometry of the bands normalized to the adjusted total lane protein stain,
shown as mean+SEM, where dots indicates each biological replicate; Welch’s t-test was
performed to compare the groups, p-values are shown.

Representative blots of Bmal1 (D) and Rev-Erba (F) protein expression in synchronized
MG-63 and 3AB-OS cells; Time-resolved densitometric analysis of bands for each time
point normalized to the adjusted total lane protein stain for Bmal1 (E) and Rev-Erba (G),
where round dots represent mean+SEM of N=2-3 independent biological replicates values
normalized to average of the entire datasets; continuous line represents Cosinor best fit
curve; bar graphs represents Cosinor fitting values (mean+SD); two-way ANOVA with
Sidak’s post hoc test for multiple comparisons was used to compare Cosinor fitting values;
p-values are shown for each comparison.

We then switched to synchronized cells, where once again Bmal1

protein expression showed substantial alteration in the oscillation in 3AB-
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OS when compared to the differentiated counterpart (Figure 11 D-E), with
its amplitude being reduced. The Bmali1 period in CSCs also is significantly
reduced (Figure 11 D-E), suggesting that the differences of Bmal1 protein
levels over time could be the result of an uncoordinated variation in protein
level rather than a regulated oscillation.

In differentiated cells Rev-Erba protein levels followed a robust and
significant circadian pattern (Figure 11 F-G). CSCs in contrast displayed a
reduced amplitude and period, as well as shifted acrophase (Figure 11 G-G).

Overall, we were able to characterize the circadian phenotype of
osteosarcoma DCCs and CSCs at the molecular level, thus we demonstrated

that 3AB-OS stem-subclone display a deregulation in clockwork function.

4.4 Proliferation rate displays an ultradian
oscillation profile in Differentiated Cancer

cells, but not in Cancer stem cells

Being enhanced proliferation both a known clock-controlled cancer
hallmark and a CSCs prominent feature, we next assessed the proliferative
potential of osteosarcoma DCCs and CSCs. It well recognised the antithetic
role of Bmal1 and Rev-Erba on the regulation of cell cycle and proliferation,
as the circadian master regulator is an inhibitor of cell proliferation,
whereas Rev-Erba acts as a stimulator of it662. Given the differential
expression of both proteins between 3AB-OS stem cells and MG-63
differentiated cells, we used the xCELLigence platform from Agilent, which
allows for real time high-resolution impedentiometric measurement of cell
proliferation, to study the impact of the different circadian phenotype of the
two cells on proliferation. Firstly we confirmed the higher proliferative
potential of 3AB-OS compared to parental MG-63 (Figure 12 A-B)04, We
then plotted the slope of the growth curve at each time point, obtaining a
time-resolved measurement of the proliferation rate, which unveiled that
MG-63 differentiated cancer cells display a ultradian (17h period)
oscillation in the proliferation rate values (Figure 12 C-D). In contrast CSCs

have a complete abolishment of proliferation rate oscillation, having in this
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way a higher mesor compared to DCCs, meaning that over time their growth

is more pronounced and uncontrolled (Figure 12 C-D).
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Figure 12. Proliferation assay in DCCs and CSCs. xCELLigence traces (A) of N=3
independent experiments of MG-63 (in red), 3AB-OS (in blue); bar graphs (B) represent
Normalized Cell Index at different time points showed as mean+SEM, with each point
showing values of each biological replicate (N=3); statistical analysis with two-way ANOVA
and Sidak’s post hoc test for multiple comparisons was performed, p-values are shown for
each comparison.

The slopes of the proliferation curve were plotted of each time point to obtain the time-
resolved proliferation rate (C) graphs, where dots represent the mean+SEM of N=3
biological replicates and the continuous line shows the Cosinor best fit curve; Bar graphs
(D) show mean+SD of Cosinor fitting parameters, which were then analysed using two-way
ANOVA with Sidak’s post hoc test for multiple comparisons. p-values are shown.

(E) shows qPCR analysis of ARNTL1 mRNA expression levels normalized to TBP relative
to MG-63 following Rev-Erba antagonist and Rora agonist pharmacological treatment; the
dotted red line represent the MG-63 treated with DMSO as vehicle and bar graphs
represent the fold change mean+SEM of N=3 independent biological replicates; statistical
analysis was performed with Welch’s t-test to compare each treated sample with the
untreated control; p-values are shown.

(F) shows representative Bmal1 blot and densitometric analysis of the bands normalized to
adjusted total lane protein stain, where bar graphs show mean+SEM of N=3 independent
biological replicates, which were then analysed using two-way ANOVA with Sidak’s post
hoc test for multiple comparisons. p-values are shown. xCELLigence traces (G), where the
continuous line represents the controls, dashed line are treated cells and bar graphs
represents Normalized Cell Index of N=2 independent experiments; statistical analysis was
performed using two-way ANOVA with Sidak’s post hoc test for multiple comparisons. p-
values are shown.

To our knowledge, this is the first report of a circadian proliferative
rate oscillatory profile in osteosarcoma cells, while previous evidences on
circadian impact on tumor growth rate have been uncovered in an in vivo
breast cancer model'*2 and in vitro on melanoma and colorectal cancer cell
lines!3. Moreover, these are the first observation that the abrogation of
clock function in osteosarcoma cancer stem cells is associated to a lack of

circadian proliferation rate profile.

4.5 CSCs are refractory to pharmacological

clock induction

Since it is reported that clock controls cell proliferation and in our
model the proliferation rate reflects the clock-functioning phenotype in
DCCs and the clock-lacking phenotype in CSCs, we wondered whether
enhancing clock function could serve as an anti-proliferation treatment in
tumors. We used a combined treatment consisting of Rev-Erba antagonist
SR8278 and Rora agonist SR1078, which were chosen as a strategy to

induce Bmal1 expression in our model. We revealed a significant 2.3-fold
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increase in Bmalt mRNA expression in DCCs upon combined treatment
(Figure 12 E), which was further confirmed in protein expression analysis
with a significant increase of the circadian master regulator (Figure 12 F).
In CSCs however, we only achieved a modest and non-significant Bmal1
induction after treatment in mRNA levels (Figure 12 E), while protein levels
were not affected (Figure 12 F).

Cell proliferation assay showed that Bmali induction leads to cell
toxicity and inhibition of proliferation in clock-functioning DCCs (Figure 12
G), while 3AB-OS cells were not only refractory to Bmali1 stimulation, but
the proliferation was not impacted after SR8278+SR1078 treatment (Figure
12 G). The result obtained suggest that the clock suppression in CSCs
confers a refractivity to exogenous circadian stimuli and thus a proliferative

advantage to 3AB-OS cells.

4.6 Loss of circadian clock in CSCs confers a

flexible metabolic profile

Following the molecular and proliferative circadian characterization,
we focused our efforts on another key clock-controlled cancer hallmark,
metabolic rewiring. As a first step we performed real-time measurements of
oxygen consumption rate (OCR) as a proxy of mitochondrial activity in both
cell lines by using the Resipher® platform (Lucid Scientific). The analysis
revealed that in MG-63 cells the basal cellular OCR followed a circadian
pattern (Figure 13 A-C), with a period of about 24 hours, in accordance with
previous observations that demonstrated how the circadian clock dictates
mitochondrial function oscillations46:49:51, Once again, in contrast to DCCs,
3AB-OS stem sub-clone showed a less robust oscillation, as evidenced by
reduced amplitude and higher period compared to MG-63 cells (Figure 13
B-C).

To gain more insight into circadian-related bioenergetic metabolism
in osteosarcoma CSCs, we switched to the Seahorse platform in order to
obtain a more accurate assessment of mitochondrial function using

respiratory chain inhibitors, which confirmed the previous result where

43



MG-63 cells have a circadian oscillatory profile of mitochondrial respiration
(Figure 13 D), while 3AB-OS display an uncontrolled decrease of OCR over
time after synchronization (Figure 13 D), while mitochondrial ATP
production rate followed a similar pattern in both cell lines (Figure 13 G).
The Seahorse methodology also enabled us to measure the extracellular
acidification rate (ECAR) as an assessment of the anaerobic glycolytic flux
and glycolysis derived ATP production rate, both of which were particularly
pronounced in CSCs (Figure 13 E-H), probably to compensate the dropping
trend in mitochondrial respiration over time observed previously, while in
MG-63 ECAR measurements were relatively stable and much lower (Figure
13 E), in accordance with previous reports on the same cells1o111, Altogether
the metabolic flux analysis revealed that clock-controlled MG-63 cells tend
to have bioenergetic oscillations in a circadian manner, remaining mainly
oxidative and clustered over time, as it is evident in the energy map shown
in Figure 13 F. Clock-deficient 3AB-OS CSCs on the other hand went from
slightly oxidative to energetic, to glycolytic, to quiescent, displaying a less
clustered and highly plastic metabolic phenotype throughout the hours after
synchronization (Figure 13 F). The ATP production rate map (Figure 13 I)
describes a similar pattern4: MG-63 in each time point observed after
synchronization were grouped above the identity line plotted (which
indicates the region of the map where a cell has equal ATP production
contribution from Glycolysis and OXPHOS), meaning that they draw more
than 50% of ATP production from mitochondria, while, despite having a
higher degree of metabolic plasticity, CSCs were positioned mainly in the
lower part of the map, meaning that glycolysis is the main pathway from
which they satisfy their ATP demand.

The time-resolved metabolic fluxes characterization demonstrated
the circadian rhythmicity of mitochondrial respiration in MG-63, which was
lost in the clock-deficient stem-subclone 3AB-0S, that once again showed a

marked glycolytic-oriented and plastic metabolic phenotype.
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Figure 13. Real time respirometric analysis and time point metabolic flux
analysis. Real time OCR monitoring in MG-63 (A) and 3AB-OS (B), where dots represents
the mean+SEM of OCR measurements, continuous line shows Cosinor fitting of the
experimental points; bar graphs (C) represents mean+SD of Cosinor parameters, Welch’s
t-test was used to perform statistical analysis, p-values for each comparisons are shown.
Time-point measurement of Basal respiratory rates (D) and Glycolytic activity (E) in
synchronized cells performed using Seahorse platform, where dots represent mean+SEM
of N=2 independent experiments of OCR (D), ECAR (E), OXHPOS ATP production (G) and
Glycolytic ATP production (H) measurements obtained as specified in materials and
methods, continuous line represents Cosinor fitting of experimental points; bar graphs
represents Cosinor parameters as mean+SD, which were then compared using two-way
ANOVA with Sidak’s post hoc test for multiple comparison, p-values are shown for each
comparison. Energy map (F) and ATP map (I) obtained by plotting the ECAR and OCR
measurements shown in (D) and (E) or Glycolytic ATP and OXPHOS ATP measurements
shown in (G) and (H) respectively.

4.7 Glycolytic and TCA cycle metabolites
recapitulate the cellular bioenergetic

profile

To follow the bioenergetic study, we performed time-resolved
untargeted metabolomic analysis of synchronized cells, in particular of
polar metabolites belonging to the glycolytic pathway and the TCA cycle.
Principal component analysis unveiled a clustered and coordinated changes
of metabolites over time in MG-63 cells (Figure 14 B), while 3AB-OS,
similarly to what we observed in the bioenergetic map, showed a lower
degree of clustering.

To gain more insight from the untargeted analysis, we adopted a
series of ratios between the relative abundance of metabolites as proxy
measurements for the different metabolic fluxes: the anaerobic glycolysis
was assessed measuring the lactate/glucose ratio, which in 3AB-OS stem
cells followed a similar pattern observed previously in the glycolytic activity
measurement obtained from the Seahorse analysis, with a peak between 16
and 28 hours post-synchronization (Figure 14 C). This result is coherent
with previous reports indicating 3AB-OS cells as strongly glucose
dependento. In MG-63, similarly to what was found in the metabolic flux
analysis, there was a less pronounced oscillation in the Lactate/glucose
ratio. The pyruvate/glucose ratio, a proxy measure of aerobic glycolysis, did

not follow any substantial pattern (Figure 14 D).
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We then used the a-ketoglutarate/glutamine ratio as a measure of
glutamine shunting in the TCA cycle, finding that MG-63 cells display
circadian peaks in glutamine utilization at 8 and 30 hours post
synchronization (Figure 14 E), at the same time points where mitochondrial
respiration reaches its maximum values, suggesting that glutamine
oxidation is one of the main fuelling pathways used by DCCs. This result is
also consistent with existing evidence demonstrating the glutamine-
dependency of MG-63 cellstt. Glutamine and OCR peaks also are
coincidental to peaks in ATP/ADP ratio, indicating high intracellular energy
balance (Figure 14 H), thus corroborating the suggestion that the major
contribution to cellular ATP derives from mitochondrial glutamine
oxidation in MG-63 cells. 3AB-OS cells in turn display low utilization of
glutamine (Figure 14 E), coherently with the more glycolytic-oriented

phenotype.
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Figure 14. Metabolomic analysis in synchronized DCCs and CSCs. Time-
resolved polar metabolites analysis obtained using LC-MS. Heat map (A) showing
differential abundance over time of polar metabolites. Principal component analysis (B)
of metabolite changing over time. Lactate/Glucose (C), Pyruvate/Glucose (D),
aKetoglutarate/Glutamine (E) and Citrate/Pyruvate (F) ratios where dots show
mean+SEM, continuous line shows Cosinor best fitting curve. NAD+/NADH (G) and
ATP/ADP (H) ratios where dots show mean+SEM, continuous line shows Cosinor best
fitting curve.
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4.8 Discussion

The role of circadian rhythms has become a topic of increasing
interest in the cancer field, since many of the cancer hallmarks are known
to be controlled by the molecular clockwork2. Moreover, cancer stem cells
are a hot research topic for their prominent role in oncogenesis and drug
resistance, being the root of intra-tumor heterogeneity and considered one
of the main root causes of treatment failure and disease relapse. In the last
years there have been numerous reports about circadian rhythms being
suppressed in stem cells, and in particular in cancer stem cells, where it has
been demonstrated how molecular clock alterations can have a role in
maintenance of self-renewal and stemness potential22.

In this context, our study wants to fill in the gap between circadian
rhythms role in the regulation of CSCs regarding their metabolic rewiring,
proliferative potential and drug resistance. Starting from the knowledge
that clock gene can act as tumour suppressor or oncogenes depending on
different cancer typesd4:95, we first characterized the circadian phenotype
several cancer models using real-time luciferase activity assay of lentivirally
transduced cells with a pBMALi::luc construct, finding a dampened
rhythmic profile of Bmal1 promoter activation in bladder cancer and
osteosarcoma CSCs when compared to the differentiated counterpart, which
in contrast showed robust circadian oscillations. In breast cancer
differentiated cells there was a slow clockwork response to the
synchronization stimulus, with the first positive peak around 36 hours,
meanwhile in MDA stem-like cells the oscillation was lost rather quickly.
We confirmed previous observations that reported reduced or absent
oscillations in CSCs22, while in DCCs circadian function is robust, although
phenotypes can vary depending on the cancer type.

We next focused on the tumour bulk-cancer stem sub-clone
dichotomy choosing to deepen the molecular characterization of the
osteosarcoma model, composed by MG-63 differentiated cells and 3AB-OS
cancer stem cells derived from long term exposure of MG-63 to 3-

aminobenzamide!o4, which have also been extensively studied regarding
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their metabolism and drug resistance!to.111, The CSCs circadian deregulation
was also confirmed at the mRNA, where clock master regulator Bmal1 and
Rev-Erba rhythmic profile present in MG-63 were abolished in 3AB-OS
cells. Protein expression of Bmal1 was also found to be reduced in CSCs,
while Rev-Erba was upregulated despite the reduced mRNA levels
previously observed. We speculated that Rev-Erba protein degradation
rates could be reduced, leading to accumulation of the protein even in a
setting of low transcript levels. This could then lead to Bmali1 transcript and
protein downregulation. The upregulation of c-myc could also be a strategy
that CSCs adopt to keep Bmali1 protein levels reduced via promoting Rev-
Erba transcription and upregulation, as it is reported in other osteosarcoma
cells7o, although in our model Rev-Erba transcript levels are low, suggesting
that this could be a less likely explanation. In turn c-myc can also directly
repress Bmal1 transcription”:, which in our case would explain the reduced
Bmal1 mRNA and protein expression, that would see as a consequence the
reduced mRNA expression of Rev-Erba. Hence, a slower degradation rate
would still be a probable explanation for the increased Rev-Erba protein
levels. In synchronized conditions however CSCs rhythmicity in both Bmal1
and Rev-Erba was reduced, in accordance with transcript expression
analysis.

We therefore successfully achieved our first aim by characterising the
circadian phenotype of osteosarcoma DCCs and CSCs, finding similar
results already present in literature that indicate the dampening or absence
of canonical oscillations in Core Clock Genes expression in stem-subclones
deriving from tumor bulk9s.

We then investigated whether the circadian deregulation could have
an impact on cell proliferation. We confirmed a higher proliferative
potential showed by 3AB-OS compared to MG-63, in accordance with
previous evidences reporting strong proliferative a sphere-forming
capabilities of these CSCst4. By using real-time, high-resolution
impedentiomentric measurements, we were able to appreciate a robust
variation over time in the proliferation rate of clock-functioning MG-63

cells. In contrast in clock-deficient 3AB-OS cells the proliferative rate
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followed a flat profile, and the circadian oscillation was completely
abolished. Literature indicates Rev-Erba as a pro-proliferation agent due to
its negative regulation of cell cycle inhibitor p2162; in turn Bmal1 is
identified as a inhibitor of cell proliferation, being it a transcriptional
activator of the negative cell cycle regulator kinase Wee-161; 3AB-OS cells
also display high levels of cell cycle markers which account for G1-S/G2-M
phases progression©4, and we speculate that Rev-Erba upregulation and
Bmal1 suppression could contribute to cell cycle progression and enhanced
cell proliferation observed in 3AB-OS. The lack of oscillations in the two
main core clock genes involved in cell cycle regulation is also reflected in a
flat profile of the proliferative rate found in 3AB-OS cells. Pharmacological
induction of Bmali, obtained through Rora induction, combined with Rev-
Erba inhibition, resulted in a marked cytotoxic effect in MG-63 cells. The
inhibition the secondary feedback protein could result in increased p21
expression, while contextual Bmal1 induction could lead to a strong and
lethal cell cycle arrest stimulus. We therefore identified clockwork
modulation as a valuable strategy in order to impact cell proliferation in
DCCs.

The same effect however was not observed in 3AB-OS cancer stem
cells, where combined treatment was not able to achieve a significant Bmal1
mRNA and protein levels increase, and only saw a modest and non-
significant reduction of cell proliferation. It has been reported in the past
that 3AB-OS are drug-resistant cells due to efflux pump ABCG2
expression'®4, and we cannot exclude that treatment failure can be
attributed to drug expulsion or detoxification. We could also speculate that
the lack of clock function and especially Bmal1 reduced expression, is
functional in 3AB-OS to remove the circadian control on cell growth,
conferring a proliferative advantage and insensitivity to exogenous
circadian-stimuli to 3AB-OS cells. This could be a mechanism by which a
stem-subclone is selected in the tumor bulk: by having a deregulation of
cellular clock, CSCs are unresponsive to external entrainment cues exerted

by the central clock, and can thereby escape the circadian control to which
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differentiated cancer cells are subjected to in terms of proliferative
potential, gaining in this way a fitness advantage among the tumor bulk.

Being metabolic rewiring among cancer hallmarks governed by the
clockwork, we then focused on the circadian deregulation effects on
metabolic profile of osteosarcoma DCCs and CSCs, as previous reports
indicated 3AB-OS as highly glycolytic and metabolically plastic cellso.111,
Both real time and time-point OCR analysis showed 24h period oscillatory
mitochondrial respiration pattern in MG-63, whereas 3AB-OS displayed a
longer and deregulated profile and glycolytic activity compensated for
OXPHOS. Overall osteosarcoma CSCs lack of circadian regulation confers
them a highly plastic phenotype during the different times after
synchronization, while DCCs remain constrained in a oxidative phenotype.
ATP production reveal a similar scenario, where DCCs draw the majority of
the ATP from OXPHOS, while 3AB-OS relay preferentially on glycolytic ATP
production over the different time-points. When comparing the metabolic
fluxes with time resolved polar metabolites analysis, lactate/glucose ratio, a
proxy measurement of the glycolytic flux, revealed a similar oscillatory
pattern to the glycolytic activity in CSCs measured with the Seahorse
platform. In MG-63 cells a-ketoglutarate/glutamine ratio, used as an
indication of glutamine shunt into the TCA cycle, revealed peaks at the same
time points of higher mitochondrial respiration, suggesting glutamine
oxidation as a likely mitochondrial fuelling pathway in DCCs. This result is
consistent with previous works indicating glucose as a prominent substrate
used by 3AB-OS, while MG-63 were found to be glutamine-dependent
cellstto111, Qverall the differential selective substrate utilization between the
two cell line over time recapitulates their metabolic profile observed in the
extracellular metabolic flux analysis and in previous reports.

Future perspectives stemming from this work would be to perform
silencing or overexpression studies of Bmal1 and Rev-Erba in order to
confirm and properly dissect the molecular mechanisms that governs the

interplay between clock genes, tumorigenesis and CSCs biology.
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5 CONCLUSIONS

We successfully characterized the circadian phenotype of several
cancer models from a molecular point of view, confirming a deregulation in
core clock genes oscillations in CSCs.

We then reported a circadian proliferation profile in clock-
functioning DCCs, which was indeed absent in CSCs. We then identified
clock modulation as possible strategy to target DCCs proliferation. At the
same time we revealed how circadian deregulation can confer an advantage
to CSCs in terms of escape from exogenous circadian stimuli.

Finally, we verified how differential circadian phenotype governs
cellular bioenergetics, as in DCCs metabolism oscillates in a circadian
fashion, while the lack of circadian control allows CSCs to display a higher
degree of metabolic plasticity.

Altogether this work contributes to advance the current knowledge
on the role of circadian molecular network in cancer heterogeneity, and
confirms clock-modulating intervention as a valuable strategies to target
tumor vulnerabilities, although more studies are needed to fully elucidate
how to combine the use of chronotherapy and conventional chemotherapy

to target Cancer Stem Cells.
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Background and aims

An intricate interplay between the circadian clock, oncogenesis, and
metabolism is emerging. Circadian disruption and metabolic rewiring are
closely linked in cancer, affecting tumour growth, drug resistance, and
patient outcomes. In cancer stem cells (CSCs), circadian dysregulation may
modulate differentiation and chemoresistance. This study aimed to
investigate how circadian rhythm alterations affect metabolism and
contribute to CSC survival and drug response, uncovering potential

therapeutic vulnerabilities.

Methods

CSCs and differentiated cells from bladder, breast, and osteosarcoma
models were lentivirally transduced with a BMAL1 promoter-driven
luciferase construct [1]. Live-cell bioluminescence of in vitro synchronized
cultures was recorded continuously for 72 h using LumiCycle. Real-time
basal oxygen consumption was monitored via Resipher®. Seahorse analysis

was used for metabolic flux profiling. Protein and gene expression of clock
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components were assessed by western blot and qRT-PCR. Targeted

metabolomics was performed using UHPLC coupled with Q-Trap MS [2].

Results

Bioluminescence analysis revealed divergent circadian phenotypes:
differentiated cells showed robust rhythms, while CSCs displayed impaired
oscillations. Similarly, although all cell types exhibited rhythmic
mitochondrial respiration, CSCs showed markedly dampened oscillations,
correlating with reduced expression of Bmal1 and other core clock genes.
Time-resolved metabolomic profiling of synchronized cultures revealed
distinct circadian metabolic dynamics between CSCs and differentiated

cells, suggesting identity-specific clock-regulated metabolic programs.

Conclusions
Our findings confirm altered circadian metabolic control in CSCs, likely
contributing to their chemoresistance. These insights support the need for

chronotype-tailored therapeutic strategies in oncology.

[1] Fuhr L et al. EBioMedicine. 2018 ;33:105-121.
[2] Paglia G, Astarita G. Methods Mol Biol. 2022;2396:137-159.
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