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Zusammenfassung

Storungen der zirkadianen Uhr haben weitreichende Auswirkungen auf verschiedene
zellulare Prozesse, einschlieBlich Transkription, Zellzyklus, Stoffwechsel und letztlich
Homoostase. Solche Storungen konnen die abnormale Regulation zellularer
Eigenschaften auslosen und die Tumorentstehung stimulieren. In unseren Studien
untersuchten wir die Auswirkungen von Storungen der zirkadianen Uhr auf
Krebsentwicklung durch die Herunterregulation oder das Ausschalten von Kern-
Uhrgenen wie BMAL1 (auch bekannt als ARNTL), PER2 oder NR1D1. Wir
untersuchten dies sowohl in vitro als auch in in vivo Xenotransplantationsmodellen,
wobei wir uns auf die Darmkrebszelllinien HCT116, SW480 und SW620
konzentrierten. Wir entdeckten, dass diese Manipulationen die zirkadiane Expression
von Schlusselgenen wie MYC, WEE1 und TP53 (die an der Regulierung des Zellzyklus
und der Apoptose beteiligt sind) sowie MACC1 (das mit der epithelial-mesenchymalen
Transition (EMT) zusammenhangt und fur seine Rolle bei der Metastasierung bekannt
ist) beeinflussen, wodurch wichtige zellulare Eigenschaften wie Proliferation,
Apoptose, Zellmigration und Invasion moduliert werden. Bemerkenswert ist, dass das
Ausschalten von NR1D1 eine Beeintrachtigung der Zellbeweglichkeit in vitro und eine
Reduktion der Mikrometastasenbildung in vivo zur Folge hatte. Dies ging mit
veranderten Expressionsniveaus wesentlicher EMT-assoziierter Gene, SNA/71 und

CD44, einher.

Wir konnten auflerdem zeigen, dass das MACC1-Protein in HCT116 Wildtyp-Zellen
zirkadian (mit einer Periode von etwa 24 Stunden) exprimiert wurde, eine Regulierung,
die nach dem Ausschalten der erwahnten Kern-Uhrgene gestort war. Darlber hinaus

identifizierten wir Protein-Protein-Interaktionen zwischen MACC1 und NR1D1, was
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eine potenziell neue Achse der Regulation in der Progression des Darmkrebses uber
zirkadiane Uhrelemente darstellt. Interessanterweise demonstrierten wir die
Auswirkungen der MACC1-Manipulation, entweder durch Ausschalten oder
Uberexpression von MACC1, auf das Phanotyp der zirkadianen Uhr und den
Krebsfortschritt in Darmkrebszellen. Wir fanden heraus, dass das Ausschalten von
MACC1 die Periode der BMAL1-Promotor-Oszillationen verringerte, wahrend seine
Uberexpression den gegenteiligen Effekt in Darmkrebszellen hatte. Dieses
bidirektionale Zusammenspiel zwischen MACC1 und der zirkadianen Uhr weist auf die
Komplexitat der Mechanismen im Darmkrebs hin und betont die Rolle der zirkadianen

Uhr bei der Regulation der Darmkrebs-Metastasierung.

Zusammenfassend unterstreichen die Ergebnisse unserer Studien die bedeutende
Rolle von Kern-Uhrgenen bei wichtigen Krebseigenschaften. Dazu gehoren die
Regulation von Zellmigration, Zellinvasion und das komplexe Zusammenspiel von
MACCT und zirkadianer Uhr in Darmkrebs, das mdglicherweise durch Interaktionen
mit Kern-Uhrgenen vermittelt wird. Unsere Daten bieten tiefere Einblicke in das
molekulare Zusammenspiel zwischen der zirkadianen Uhr und Krebs und weisen auf
einen komplexen, aber vielversprechenden Bereich fur therapeutische Interventionen
hin. Kunftige Forschungsarbeiten konnen die Entwicklung chronotherapeutischer
Strategien untersuchen, die unser Verstandnis der zirkadianen Kontrolle der
Proliferation, Invasion und Metastase von Krebszellen nutzen. Dieser Ansatz konnte
wirksamere und personalisierte Krebstherapien ermdglichen, indem therapeutische
Interventionen auf individuelle zirkadiane Rhythmen abgestimmt werden, um ihre
Wirksamkeit zu verbessern und Nebenwirkungen zu verringern. DarUber hinaus
ermoglichen die identifizierten Wechselwirkungen zwischen Komponenten der

zirkadianen Uhr und Krebsmechanismen eine weitere Untersuchung der molekularen




Mechanismen, die diesen Verbindungen zugrunde liegen, was zur Entdeckung neuer

Biomarker und therapeutischer Targets bei Darmkrebs fuhren konnte.

Schlagworter:
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Abstract

Circadian clock disruptions have far-reaching impacts on several cellular processes,
including transcription, cell cycle, metabolism and ultimately homeostasis. Such
disturbances can trigger the abnormal regulation of cellular properties and stimulate
tumorigenesis. In our studies, we aimed to investigate the effects on cancer
progression of disruptions in the circadian clock caused by the downregulation or
knockout of core-clock genes BMAL1 (aka ARNTL), PER2 or NR1D1. We explored
this using both in vitro and in vivo xenograft models, utilizing colorectal cancer (CRC)
cell lines HCT116, SW480 and SW620. We discovered that these manipulations affect
the circadian expression of key genes such as MYC, WEE1 and TP53 (involved in cell
cycle regulation and apoptosis) as well as MACC1 (related to epithelial-mesenchymal
transition, EMT, and known for its role in driving metastasis), subsequently modulating
key cellular properties such as proliferation, apoptosis, cell migration, and invasion.
Notably, the knockdown of NR1D1 led to reduced cell motility in vitro and a decrease
in micrometastasis formation in vivo. This coincided with modified expression levels of

essential EMT-associated genes, SNA/71 and CD44.

We further revealed that the MACC1 protein is circadian expressed (with a period of
about 24 hours) in HCT116 WT cells, a regulation that was disrupted following the
knockout of mentioned core-clock genes. In addition, we identified protein—protein
interaction between MACC1 and NR1D1, illustrating a potential new axis of regulation
in CRC progression via circadian clock elements. Remarkably, our data illustrate that
modulation of MACC1, via either gene knockout or overexpression, directly impacts
the circadian clock phenotype and the subsequent progression of cancer cells. We

found that MACC1 knockout reduced the period of BMAL 1-promoter oscillations, while




its overexpression had the opposite effect in CRC cell lines. This bidirectional interplay
between MACC1 and the circadian clock points to the complexity of the mechanisms
at play in CRC and highlights a role for the circadian clock in regulating CRC

metastasis.

In conclusion, the results of our studies underline the significant roles of core-clock
genes in key cancer properties. These include the regulation of cell migration, invasion,
and the intricate MACC1-circadian clock interplay in CRC, potentially mediated through
interaction with core-clock genes. Our data provide deeper insights into the molecular
interplay between the circadian clock and cancer progression, pointing to a complex,
yet promising area of therapeutic intervention. Future research could explore the
development of chronotherapeutic strategies, leveraging our understanding of the
circadian regulation of cancer cell proliferation, invasion, and metastasis. This
approach may offer more effective and personalized cancer treatments by aligning
therapeutic interventions with individual circadian rhythms, thereby enhancing efficacy
and reducing side effects. Additionally, the identified interactions between circadian
clock components and cancer pathways enable further investigation into the molecular
mechanisms underlying these links, potentially leading to the discovery of novel

biomarkers and therapeutic targets in colorectal cancer.
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Introduction - The Circadian Clock System

1 Introduction

1.1 The Circadian Clock System

Earth’s daily rotation cycle generates certain behavioural patterns in organisms around
the world. The ability to coordinate and synchronize to temporal niches and to the
external environment is governed by an endogenous circadian clock in all organisms.
These environmental changes (light-dark cycles, sleep-activity cycles and eating-
fasting cycles) drive daily rhythms in behaviour, physiology and metabolism by
interacting with the endogenous circadian clocks. A defining characteristic of circadian
rhythms is their ability to persist even without external environmental signals.
Furthermore, they offer organisms a competitive edge by enabling more efficient
energy management and bolstering their resilience to oxidative stress cycles
associated with respiration [1]. Altogether, circadian rhythms allow the organism to fine-
tune its physiological and behavioural pattern to the diverse external conditions in a

proactive rather than a responsive manner (reviewed in [2]).

The significance of circadian regulation was recently explored in primates and mice.
Analysis of the circadian transcriptome showed that a vast majority of the primate and
mouse genomes undergoes daily rhythmic variations in gene transcription/expression
that are tissue- and locus-specific [3,4]. These rhythmic variations govern many critical
cellular and tissue functions, holding substantial relevance for public health strategies,
disease prevention, and disease management protocols. In humans, the circadian
rhythmicity, which spans approximately 24 hours in length, regulates several biological
and physiological processes. From molecular processes such as cell division, cell
cycle progression and DNA repair [5-8], to physiological modifications in body
temperature, blood pressure and circulating hormones [9,10], as well as greater

cellular pathways, including splicing, RNA transport, cancer related pathways, cellular
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Introduction - The Central Clock

metabolism and the immune system [11-15], all are under circadian regulation. For
humans, the importance of a healthy endogenous clock has been well demonstrated
in several epidemiological studies. Circadian desynchronizations to the environment
(e.g., by shift work) show higher incidences of several types of cancer. Some examples
include non-Hodgkin’s lymphoma, breast, endometrial, prostate and colon cancers,
wherein the magnitude of the impact correlates with the extent and intensity of
circadian perturbations (reviewed in [16]). From disruptions in metabolic pathways [13],
to dysregulations in splicing and cell cycle [14,17-20] and impairments in the immune
system [15], all show severe consequences of circadian clock malfunction in a cancer
context. These and other findings have prompted the World Health Organization to

classify circadian disruptions as a potential carcinogenic risk for humans [21].

1.2 The Central Clock

In mammals, the suprachiasmatic nucleus (SCN), located at the base of the anterior
hypothalamus above the optic chiasm, is considered the master pacemaker of the
circadian system in the entire body. Neurons in the SCN obtain photic information from
the retina through synaptic communication from axons of the retinohypothalamic tract.
This electrical data transform into chemical signals, modifying the phase of clock gene
expression within a specific group of SCN neurons. The SCN then conveys its rhythmic
information to cells in other brain areas and peripheral organs through several
pathways, encompassing neuronal links, hormonal signals, temperature cycle
fluctuations, and secondary cues stemming from oscillating behaviour (Figure 1) [22].
It is important to mention that the SCN should be more accurately considered the
“‘master synchronizer” rather than a strict pacemaker, since most tissues and cell types
exhibit circadian patterns of gene expression even after being removed from the SCN

[23-25]. Consequently, the SCN is believed to function as the central orchestrator of
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Introduction - Positive and Negative Feedback Loops

an ensemble of biological oscillators, harmonizing all intrinsic clocks and integrating

peripheral data to produce coordinated systemic circadian rhythms.
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Figure 1: An overview of the central clock system.

The SCN generates global circadian rhythms, which are entrained to external cues (light). The synchronization of
rhythms in the SCN leads to clock modulation in peripheral tissues of humoral and neural output systems via the
release of adrenocorticotropic hormone (ACTH) from the pituitary gland and the sympathetic nervous system (SNS)

to regulate the rhythmic release of hormones (figure adapted from [22]).

1.3 Positive and Negative Feedback Loops

At the molecular level, the circadian clock in mammals consists of several interacting
transcriptional/translational positive and negative feedback loops involving at least 14
core-clock genes [5]. These genes encode for members of several gene families: PER
(Period, Per1, Per2 and Per3), CRY (Cryptochrome, Cry1 and Cry2), BMAL (Brain and
muscle ARNT-like protein, Bmal1 (ARNTL) and Bmal2 (ARNTLZ2)), CLOCK (Circadian
locomotor output cycles kaput), NPAS2 (neuronal PAS domain-containing protein 2, in

neuronal tissue), ROR (retinoic acid receptor-related orphan receptor, Ror-a (RORA),
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Introduction - Positive and Negative Feedback Loops

Ror-B (RORB) and Ror-y (RORC)) and REV-ERB (nuclear receptor, reverse strand of
ERBA, Rev-Erba (NR1D1) and Rev-Erb (NR1D2)). In the central loop and during the
early hours of the day, the transcription of BMAL1 and CLOCK (or its related gene
NPAS2) results in the heterodimerization of the BMAL1-CLOCK complex in the
cytoplasm. This heterodimerization triggers its nuclear translocation and initiates
transcription by binding to specific DNA elements, E-boxes (5-CACGTG-3') and E'-
boxes (5-CACGTT-3') in the promoters of clock-controlled genes (CCGs) [26,27]. In
addition, BMAL1 and CLOCK activate the transcription of Per (Per1 and Per2) and Cry
(Cry1 and Cry2) genes, which belong to the negative limb of the feedback loop. The
synthesized PER and CRY proteins subsequently heterodimerize and migrate to the
nucleus, thereby repressing additional BMAL1-CLOCK transcriptional activity. This
establishes the groundwork for the cycle's reiteration from a baseline of reduced
transcriptional activity approximately every 24 hours. To start in a new cycle, the

degradation of the negative feedback loop proteins, PER and CRY, becomes essential.

The BMAL1-CLOCK heterodimer also activates a second feedback loop which acts in
coordination with the loop mentioned above. This loop consists of the nuclear receptors
ROR (a, B and y) and REV-ERB (a and 3), which through E-box activation by BMAL1-
CLOCK translocate back into the nucleus and compete for the Retinoic acid-related
Orphan receptor Response Element (RORE) binding sites within the promoter of
BMAL1. Whereas RORs promote BMAL1 expression, REV-ERBs act to suppress it. It
was previously thought that these nuclear receptors formed an accessory feedback
loop that stabilizes the circadian clock. However, recent studies have refined this
statement and suggested a more prominent role of RORs and REVs capable of driving
circadian rhythms [28]. This was demonstrated in inducible double knockout strategies

that have allowed the deletion of Rev-Erba and (3 in an adult animal. In these animals,
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Introduction - Peripheral Clocks

Nr1d1~~ Nr1d2”~ mice showed a complete loss of circadian rhythm, comparable to
other clock-deficient strains (such as Per1”-Per2”~ and Cry1~~Cry27") [28]. Figure 2

shows the dominant interacting partners of the molecular circadian clock in mammals.
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Figure 2: Positive and negative feedback loops of mammalian circadian clock.

A simplified overview of the major molecular components of the mammalian circadian clock. The heterodimerization
of BMAL1-CLOCK activates the transcription of CCGs by binding to their E-box. This also includes the activation
and heterodimerization of the PER-CRY complex, which in turn inhibits the transcription of BMAL1 and serves as
the negative feedback loop. Additionally, nuclear receptors (RORs and REV-ERBs) are expressed in response to
BMAL1-CLOCK activity. While RORs activate the expression of BMAL1, REV-ERBs repress it (figure adapted from

[22]).

1.4 Peripheral Clocks

Nearly every mammalian tissue shows the presence of the transcriptional/translational
feedback loops described above [29]. Neurons in the SCN coordinate a consistent
temporal framework throughout the entire organism by aligning numerous peripheral
clocks, which oscillate autonomously, thereby establishing a shared rhythm. These
peripheral clocks consist of the same molecular components as in the SCN. In addition

to the core-clock network (CCN) genes, there are hundreds or thousands of genes
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Introduction - Peripheral Clocks

expressed in a circadian manner. In fact, up to 80% of protein-coding genes exhibit
circadian rhythms in their expression in at least one tissue in mammals [3]. Temporal
synchronization within the organism is orchestrated indirectly through cyclic rest-
activity patterns but also through a direct and intricate interaction, not yet fully
elucidated, between key hormones (mostly glucocorticoids and catecholamines) and
local autonomic neural networks [30,31]. Numerous factors contribute to the alignment
of peripheral clocks, ensuring stability and enabling the organism to sustain its
overarching rhythm despite disturbances in environmental cues (zeitgebers) or even
compromised CCN functionality (Figure 3). In a study on mice, 31 genes in the clock-
less liver continued to oscillate even after a knockdown of the BMAL1-CLOCK
expression in these cells, presumably by using the systemic signals from the rest of
the animal [32]. The circadian regulators within these cells can be temporarily entrained
through an array of signalling cascades, encompassing both transmembrane and
intranuclear receptors [33]. Consequently, peripheral oscillators exhibit properties of
self-sustainability, cellular autonomy, and robustness against cellular division as well

as variations in temperature conditions and overall transcriptional activity.

Another strong zeitgeber signal in mammals is food. The SCN can modulate
behavioural rhythms in rest—activity and food intake, which can indirectly synchronize
peripheral clocks. Food intake can also independently synchronize peripheral clocks
(most predominantly demonstrated in the liver), even in the absence of a functional
circadian system or SCN [32,34]. It has been shown that, for example, time-restricted

feeding can reset the phase of peripheral clocks, but not of the SCN in mice [35,36].

Also, exercise can phase-reset the circadian clock in muscle cells, possibly by inducing
transient hypoxic stress and by activating HIF1A, which has been shown to bind to

core-clock gene promoters and to build a heterodimer with BMAL1 [37,38].
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Figure 3: Synchronization of central and peripheral clocks in humans.

The SCN is entrained directly through light signals detected by intrinsically photosensitive retinal ganglion cells
(ipPRGCs) in the eyes and transmitted via the retinohypothalamic tract (RHT). The central clock (SCN) propagates
synchronization cues to the entire body through hormones, the sympathetic and parasympathetic nervous systems
(SNS and PNS, respectively), and oscillations in core body temperature. Additionally, the phase of the peripheral
clocks (e.g., in liver and muscle cells) can be independently set according to certain environmental zeitgebers such

as the timing of food intake and exercise (figure adapted from [39]).
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Introduction - Circadian Clock and Cancer

1.5 Circadian Clock and Cancer

Oncogenic transformations lead to marked disruptions in cellular homeostasis,
manifesting as abnormal proliferation and metabolic malfunctions [40]. Thus, malignant
cells exhibit unprogrammed mitotic progression, leading to atypical and accelerated
tissue proliferation. Concurrently, neoplastic cells exploit mechanisms to evade
immune detection and resist programmed cell death, further facilitating malignant
propagation and metastatic spread [40]. These distinct processes are integral to the
well-recognized hallmarks of cancer [40], with emerging research elucidating their
modulation via the circadian clock [41] (Figure 4). For instance, numerous studies
highlight a reciprocal interaction between the cell cycle and circadian rhythms in
dividing cells (reviewed in [42]). Healthy cells predominantly adhere to a circadian-
regulated division rhythm, with a rate of approximately 24 hours [43]. This periodicity is
largely dictated by the interplay between cell cycle checkpoints and the intrinsic
circadian molecular machinery [44]. Without external entrainment cues, the circadian
clock consistently aligns to the cell cycle in a 1:1 ratio, manifesting with the NR1D1
reporter expression reaching its peak around 5 hours post-mitosis [45]. As mentioned
above, studies involving animal models and human tumour samples have elucidated
that perturbations in circadian rhythms represent a significant intrinsic factor in the
oncogenesis of mammalian cells. These disruptions can occur due to misalignments
between the external and internal time of the organism, such as during shift work, or
due to circadian alterations caused by mutations in single clock genes, such as Per?2
or Bmal1, which have resulted in accelerated tumour growth in vivo [46,47]. These
outcomes are mainly because of an increase in proliferation rate upon circadian rhythm
disruption, since tumour suppressor and key cell cycle genes are under clock control
[11,44] in the context of a bidirectional clock-cell cycle coupling [45,48,49]. Furthermore,

interactions between PER1 and key proteins integral to DNA damage response have
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been identified and upregulation of PER7 has shown inhibitory effects on the
proliferation of certain human cancer cell lines [50]. Another CCG, the histone
deacetylase sirtuin 1 (SIRT1) exhibits dual roles in tumorigenesis as it can either
promote or suppress tumour growth, influenced by its interacting partners [51]. On the
other hand, in cancer cells, several core-clock genes, including CLOCK, BMAL1, PER2
and NR1D1 are dysregulated and have been reported to play a role in tumorigenesis
(reviewed in [52]). While BMAL1, CLOCK, PER2 and CRYZ2 were decreased in several
human cancer samples including melanoma, pancreatic, colorectal, lymphoma, breast
and thyroid cancer, CRY1 expression was increased in colorectal cancer samples,
pointing towards the differential effect of core-clock gene alterations in cancer

progression [52].

Considering this, the past decade has seen the emergence of circadian medicine,
premised on the existing asynchrony between cell proliferation and drug metabolism
observed in normal versus malignant tissues. Notably, the deployment of cancer
therapy anchored in circadian timing has reflected promising outcomes (reviewed in
[41,53]), but lacks further investigations into the molecular interplay between the
circadian clock and cellular growth regulation in order to enhance therapeutic efficacy
[54,55]. As a general concept, enhancing circadian clock function has been shown to
be a pivotal approach in providing both preventive and therapeutic strategies for
various diseases, notably metabolic syndrome and cancer. This can be realized
through precise behavioural modulations, chronologically optimized drug
administration, and molecular strategies targeting specific circadian clock components
(reviewed in [56]). Collectively, these findings indicate a reciprocal relationship between
oncogenic transformation and disruptions in core-clock gene expression in human

malignant cells.
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Figure 4: Disruptions of circadian rhythms affect several hallmarks of cancer.

The circadian clock is connected to several hallmarks of cancer, including the cell cycle, apoptosis, DNA repair, and
metabolic regulation, which impact tumour development and progression. Therefore, the disruption of circadian

rhythms by various factors may promote the formation of cancer hallmarks and play a fundamental role in

tumorigenesis (figure adapted from [57]).
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1.6 Project Aim

Given the mentioned body of experimental and clinical evidence linking the circadian
clock to the genesis and progression of cancer and its potential implication in
enhancing therapy in patients, the goal of my research is to gain a deeper
understanding of the molecular interactions between the circadian clock and colorectal
cancer (CRC) using in vitro, in vivo, and 3D cell modules, with a focus on cancer
progression, invasion and metastasis (Figure 5). To this end, | aim to tackle the

following questions:

(1) How do perturbations in circadian core-clock elements affect cellular properties
involved in CRC progression (e.g., proliferation, apoptosis and metastasis formation)?
(2) Which core-clock and/or cancer related element(s) might be part of this regulation?

(3) Can alterations in identified cancer related elements affect the circadian clock?

For this purpose, | used CRC cell lines from different origins with distinct circadian
clock phenotypes (HCT116, SW480 and SW620) and performed perturbations on
core-clock genes BMAL1 (ARNTL), PER2 or NR1D1 and evaluated the effects on
cancer processes related to epithelial-mesenchymal-transition (EMT) as an indication
of cancer progression using in vitro, in vivo as well as 3D culture assays (chapter 1). |
found that clock perturbation affected cell motility and invasiveness in CRC cells and
identified a promising EMT-related element affecting both cancer metastasis potential
and circadian clock function, possibly serving as an interacting partner linking the two

systems (chapter 2).
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Chapter 2: Circadian clock and cancer metastasis/invasion in CRC via MACC1
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Figure 5: Overview of the experimental approach.

This schematic illustrates the experimental strategy used to address the objectives outlined in the project aim

section of the thesis. Icons were partly created with BioRender.com
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2 Summarized and Selected Methods

2.1 Cell Lines

We used CRC cell lines of different progression stages and origins to investigate the
putative role of core-clock genes in regulating cancer progression and metastasis. The
cell lines used were HCT116 and SW480, which are derived from primary tumours,
and SW620, which is the metastatic counterpart of SW480. Bioluminescence live-cell
measurements were used to monitor the circadian oscillations of the cells. HCT116
cells displayed a robust circadian oscillation, while SW480 and SW620 cells had a

moderate and weak oscillation pattern, respectively [6,13].

To assess the impact of circadian clock perturbation in these cells in chapter 1, we
generated cell lines with stable knockdown (KD) of core-clock genes BMAL1, PERZ2 or
NR1D1 using shRNA lentivirus and analysed both circadian clock and cancer cell
properties. In chapter 2 and in addition to KD cell lines, we generated core-clock
manipulated CRC cells by knocking out (KO) ARNTL (BMAL1), PER2, or NR1D1. The
CRISPR-Cas9 system was used to generate core-clock knockout cells in HCT116. All
KO and KD cells were compared with respective control cells and investigated for clock
(BMAL1 promoter activity) and cancer cell (proliferation, apoptosis, and invasion)
characteristics. To determine the role of MACC1 in CRC progression and its interplay
with the circadian clock, MACC1 was manipulated by overexpression or KO in CRC
cells. MACC1 overexpressing and knockout cells were also compared with control cells

for circadian clock and cancer phenotype characteristics.

2.2 Live-cell Bioluminescence
We measured live-cell bioluminescence recordings of BMAL1 or PER2 promoter
activity in synchronised cells as indicators of circadian phenotype in manipulated and

control cells and compared circadian parameters (amplitude, period and phase)
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between the different conditions to the control condition. For this, all cell lines were first
stably transduced with lentiviral elements containing either a Bmal1-promoter-driven
luciferase or a Per2-promoter-driven luciferase as previously described [58]. The cells
were synchronized through a medium change. The activities of the Bmal1-promoter-
reporter or Per2-promoter-reporter were measured over five days using a LumiCycle
instrument. The raw data were de-trended using the 24-hour running average with the
Chronostar analysis software V3.0 [59]. The initial 12 hours of measurement, which
were particularly noisy due to the instrument's limitations, were excluded from the

analysis. Finally, the phase in radian was calculated using the following formula:

p(rad) = @(h) X 2n/T

with ¢ (h) = phase (in h), T = period

2.3 In vitro Live-cell Analyses

For cancer cell related effects, we measured cell proliferation, apoptosis and migration
in vitro using a live-cell analysis system (IncuCyte) for several days (chapter 1). This
allowed us to gain a deeper insight into altered cellular dynamics upon circadian clock
dysregulation at a higher temporal resolution with minimal cell perturbation.
Additionally, to determine cell invasion potential upon core-clock or MACCT
manipulation in CRC cells (chapter 2), we performed chemotaxis cell invasion assay
over time using live-cell imaging, which evaluates 3D chemotactic cell invasion through
a biomatrix, as an indication of cancer invasiveness and metastatic potential. 3D cell
invasion was quantified by measuring total phase object area on the bottom layer of

the inner chamber normalized to the initial phase object area of the top layer.
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2.4 Invivo Analyses

For the in vivo assessment of circadian clock disruption on tumorigenesis, we injected
HCT116 cells with stable KD of BMAL1, PER2 or NR1D1 into 2 days post-fertilisation
zebrafish embryos (chapter 1). At 4 days post-injection (4 dpi), we assessed the
consequences of clock gene downregulation on the previously investigated cancer
hallmarks: cellular proliferation (through mitotic figure quantification), apoptosis (by
measuring activated caspase 3 levels), tumour size, and metastatic potential. To
evaluate metastatic potential, CRC cells were injected either in the Perivitelline Space
(PVS) only, or directly into circulation (similar to experimental metastasis in mouse). In
the initial approach (using only PVS), to effectively form a micrometastasis, tumour
cells must navigate through all stages of metastatic formation, from early to late steps.
This includes invading adjacent tissues, entering blood vessels through intravasation,
enduring in the circulatory system, and subsequently extravasating to colonise a
remote location. However, using the second method, cells only need to survive
circulation, extravasate and colonise, which represents later metastatic steps.
Therefore, using this approach we could evaluate the metastatic potential and the

ability of cells to undergo different behaviours to perform metastasis.

2.5 Cell Cycle

We complemented our in vitro data with measurements of cell cycle phase distribution
in synchronized cells, to gain a deeper understanding of cell cycle dynamics upon
circadian clock and/or MACC1 manipulation and to see whether a) alterations in cell
cycle dynamics correlate with changes in cell apoptosis and proliferation (chapter 1)
and b) core-clock or MACC1 alterations affect cell cycle in a similar manner (chapter
2). For this, we quantified cell cycle phase distributions using flow cytometry in

synchronized fixed cells with a DNA staining dye (propidium iodide).
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2.6 Time-course Gene and Protein Expression

To evaluate whether alterations in core-cock or clock-related elements affect
oscillations in gene or protein expression we performed time-course experiments of
key genes involved in the regulation of cell cycle checkpoints (MYC and WEE1) and in
cell apoptosis (TP53) in circadian clock dysregulated cells (chapter 1) as well as
MACC1 protein expression in core-clock KO cell lines (chapter 2). To do so, we
synchronized cells using medium change and collected RNA or protein every three
hours for 30 hours. With this, we aimed to understand whether changes in cellular
dynamics (e.g., proliferation and apoptosis) are linked to changes in the mean or
rhythmic expression of genes involved in cell cycle or DNA damage response,
assumed to be under circadian control, and to examine whether MACC1 is under
circadian control in CRC. In addition, we evaluated whether core-clock elements
interact with MACC1 via protein-protein interactions using co-immunoprecipitation

assay (chapter 2).
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3 Main Results

3.1 Chapter 1: The Core-Clock Gene NR1D1 Impacts Cell Motility In
Vitro and Invasiveness in a Zebrafish Xenograft Colon Cancer
Model

Published at the journal Cancers on the 15t of April 2020. The publication [60] with DOI:

https://doi.orq/10.3390/cancers12040853 is available at: https://www.mdpi.com/2072-

6694/12/4/853. © Authors 2020. This work is distributed under the Creative Commons

Attribution 4.0 License.

Own contributions: all in vitro experiments, data and statistical analysis of in vitro

experiments, visualisations, major parts of the text of the publication

3.1.1 Context

Circadian core-clock elements play a role in affecting cellular properties of
colorectal cancer: As mentioned above, mounting evidence points to the regulation
of several cancer hallmarks via the circadian clock [41] and thus, malfunctions of the
biological clock system are associated with cancer progression and play a role in
cancer therapy [61]. Examples of cancer-related genes regulated by the circadian
clock machinery are MDM2 and VEGF, involved in proliferation and angiogenesis
[62,63], the glycolytic enzyme pyruvate kinase [64] and HKDC1 involved in metabolism
[13], transforming growth factor B (TGFB) transduction pathway and SMAD4
regulating oncogenic transformation and tissue homeostasis [65] as well as cell cycle
checkpoint regulators WEE1, MYC, CDKNZ2 and cyclin D1 [5,14,66]. Another cell cycle
element that interacts with the circadian clock is TP53, which serves both as a key

element in mediating DNA damage response and cell cycle. TP53 interacts with a
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specific response element in the PERZ2 promoter, overlapping with an E-box,

subsequently attenuating the transcriptional activity driven by CLOCK/BMAL1 [67].

As of 2020, colorectal cancer (CRC) ranks as the third most commonly diagnosed
(10.0%) and the second most deadliest cancer (9.4%) worldwide (compared to all new
cancer cases and cancer deaths, respectively) [68]. In CRC, the expression of core-
clock genes is altered in both patient samples [69] as well as cancer cell lines [6,70].
In human CRC cells, ARNTL, PER1 and CRYZ2 appear to exert oncogenic properties
[50,70,71], whereas CRY1 exhibits tumour-suppressive activities upon downregulation
[72]. These data elucidate the multifaceted regulatory interplay of the circadian clock
in CRC, characterized by distinct outcomes upon modulation of core-clock gene
expression. In addition, clinical trials utilizing chrono-modulated treatment in patients
with metastatic CRC show promising results [73-75] and the use of circadian clock as
biomarker for evaluating CRC patient survival and monitoring patient response [76-78]
makes this a suitable and very interesting model system to study clock-cancer
interactions. However, the underlying mechanisms of the circadian control in CRC,
particularly regarding cell invasiveness and metastasis potential is not fully unravelled

and require further investigations.

Zebrafish as an emerging in vivo model for cancer studies: In recent years,
zebrafish larvae xenografts have become an exciting and suitable model organism for
in vivo and single cell cancer studies [79], especially with a focus on cancer invasion
potential and tumour microenvironment [80]. Compared to other in vivo model
organisms (e.g., chick embryo and mouse), zebrafish larvae offer accessible single cell
analysis, which makes it possible to quantify the impact of molecular alterations of

circadian clock components in tumorigenesis (e.g., tumour size and apoptosis). Given
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that the adaptive immune response in zebrafish embryos is not fully operational until
9-12 days post-fertilization, this model offers a suitable environment for (xeno)-
transplantation studies. Furthermore, the zebrafish embryo model offers the power of
replicates and ease of handling, which is advantageous compared to other similar

model organisms.

3.1.2 Findings

Knockdown of clock genes affects oscillatory phenotype of colorectal cancer
cells in vitro: Interestingly, we found that the KD of any of the core-clock genes
BMAL1, PER2 or NR1D1 altered both clock and cancer cell properties in CRC cells,
though with gene-specific manifestations (Figure 6). When looking at circadian clock
properties, we observed a complete loss of circadian rhythms after BMAL1 KD,
pointing to its central role in maintaining proper circadian oscillations in cells, while
PERZ2 KD or NR1D1 KD led to more subtle changes in amplitude and/or period of
oscillations (Figure 6A). We observed a significant decrease in the period of
oscillations for shNR1D1 cells (p < 0.01) and a phase advance for the shPER?Z2 cell line
(p < 0.05) (Figure 6B). Transcriptional analysis revealed significant and differential
modulations in core-clock gene expression, specifically for PER2, CRY1, NR1D1,
CLOCK, and BMAL1, across the distinct KD cell lines relative to the control line, 24h
post-cell synchronization (Figure 6C). Overall, the data highlight the integral
contribution of the core-clock machinery in orchestrating the oscillatory profile of
HCT116 cells. This, in turn, potentially influences the transcriptional activity and

subsequent cellular functionality of downstream CCGs.
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Downregulation of core-clock genes affects cellular functioning in vitro: Next, we
investigated the potential effect of perturbing core-clock genes in cellular functioning in
CRC cells by measuring their proliferation and apoptotic rates compared to control
cells. We found that all KD cell lines exhibited higher proliferation rates compared to
the control, highlighting a putative role for the biological clock as tumour suppressor
[13,70,81] (Figure 6D). Our cell cycle analysis showed significant changes in the
distribution of cell cycle phases for both shBMAL1 and shPER?2 cell lines compared to
the control, with a decreased G0/G1 phase after BMAL1 KD (p < 0.05) and increased

S and G2 phase in shPER?2 cell line (p < 0.001) (Figure 6E).
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Figure 6: Knockdown of core-clock genes affects circadian clock and cellular functions in CRC

cells.
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(A) Bioluminescence readouts for the promoter activity of BMAL1 over the course of 120h in HCT116 control and
knockdown (shBMAL1, shPER2 and shNR1D1) cell lines (n = 3, mean £ SEM). (B) Period, phase and amplitude
analysis of circadian bioluminescence data using Chronostar software [59]. (C) Gene expression analysis of core-
clock genes PER2, CRY1, NR1D1, CLOCK and BMAL1 in HCT116 control and shRNA knockdown cell lines at 24h
after synchronization (n = 3, mean + SEM). ND, not defined. ns or no asterisk p > 0.05. * p < 0.05, ** p < 0.01, ***
p < 0.001; two-tailed unpaired t-test. (D) Proliferation analysis of HCT116 control and shRNA knockdown cell lines
over 5 days (n > 8, mean + SEM, p < 0.001 for shBMAL1, shPER2 and shNR1D1 comparing AUC to control, two-
tailed unpaired t-test). (E) Cell cycle phase distribution of KD cell lines compared to control (n = 3, mean + SEM, no

asterisk p > 0.05, * p < 0.05, *** p < 0.001; two-tailed unpaired t-test). Figure adapted from [60].

To better understand the underlying cellular changes, we conducted a time-course
gene expression analysis on key genes responsible for regulating cell cycle
checkpoints (MYC and WEET) and cell apoptosis (TP53) in synchronized HCT116 KD
and control cells (Figure 7A). We found that MYC and WEE1 exhibited significant
circadian oscillations in the control cells (p < 0.05), but not in any of the KD cells,
indicating a circadian disruption of gene expression. However, we detected significant
oscillation of TP53 in shBMAL1 cells (p < 0.05), indicating a differential regulation of
TP53 via BMAL1. Indeed, the average expression of the mentioned cell cycle and
apoptosis-related genes were significantly upregulated in shBMAL1 cell line (p <
0.001) (Figure 7B). The aberrant expression of TP53 in shBMAL1 cells, coupled with
its differential circadian modulation, could potentially impact cell apoptosis. To test this,
we measured caspase 3/7 fluorescent activity over several days using live-cell imaging
and found that shBMAL1 cells showed significantly higher apoptosis compared to the
control, while apoptotic rates were significantly decreased in shNR1D1 cells (p < 0.05)
(Figure 7C). These data also showed that apoptosis rates exhibited a dependency on
the distinct downregulation of core-clock genes, which were in line with previous

studies assessing the impact of BMAL1 overexpression and NR71D1 activation on
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HCT116 cells, manifesting as reduced cell proliferation and elevated apoptosis
induction, respectively [70,82]. When investigating the migratory behaviour of CRC
cells in vitro using a wound-healing assay, we showed that downregulation of BMAL1
or NR1D1 led to a significant decrease in CRC maitility (p < 0.05), suggesting that the

circadian clock genes play a role in cell motility (Figure 7D).
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Figure 7: Alteration of core-clock genes affects the circadian regulation of cell cycle and

apoptosis related genes and impairs cell motility in vitro.
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(A) 30-hour time-course gene expression analysis for MYC, WEE1 and TP53 in control and different HCT116 KD
cells (n = 3, mean + SEM, a cosine curve was fitted to all data sets and displayed as a full line for p < 0.05, the data
points were connected with closed lines if p > 0.05). (B) Average expression level of MYC, WEE1 and TP53 in KD
cell lines compared to the control (n = 3, mean + SEM, no asterisk p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001;
two-tailed unpaired t-test). (C) Apoptosis analysis of HCT116 KD cell lines using caspase 3/7 marker (n> 8, mean +
SEM, p < 0.05 for shBMAL1 and shNR1D1, two-way ANOVA and corrected for multiple testing using Benjamini and
Yekutieli method. Measurements obtained by counting caspase 3/7 green objects per mm? every 2h over 6 days
using the IncuCyte S3 device. Representation of the apoptosis assay using the IncuCyte S3 software over 6 days.
Green dots represent apoptotic cells expressing caspase 3/7. Scale bar: 500 uym. (D) Cell migration analysis of
control and shRNA KD HCT116 cell lines (shBMAL1, shPER2 and shNR1D1). Measurements were obtained using
a scratch wound assay (IncuCyte). Quantification was performed by measuring the relative wound density over
6 days (n> 5, mean+ SEM, p < 0.05 for shBMAL1, shPER2 and shNR1D1 compared to control, two-way ANOVA

and corrected for multiple testing using Benjamini and Yekutieli method). Figure adapted from [60].

Downregulation of BMAL1 or NR1D1 affects tumorigenesis in vivo: We used a
zebrafish xenograft model to test the impact of downregulating core-clock genes
(BMAL1, PER2, and NR1D1) on tumorigenesis (proliferation, apoptosis, tumour size,
and metastatic potential) (Figure 8A-F). Our data showed that downregulation of
BMALT1 led to a significant reduction in proliferation and tumour size (p < 0.001), as
well as an induction of apoptosis (p < 0.05) but did not have a significant impact on the
metastatic potential. However, downregulation of NR71D1 led to a significant reduction
in the capacity of cells to form micrometastasis in the tail region by 75% when injected
directly into circulation (p < 0.001). Interestingly, we observed an overall decrease in
cell proliferation and tumour size in the zebrafish xenograft model, which contrasted
with the in vitro results where downregulation of core-clock genes resulted in increased
cell proliferation. To investigate the potential influence of the zebrafish host
environment on the circadian clock of HCT116 xenotransplants in comparison to their
in vitro state, we introduced HCT116 cells into zebrafish embryos. Subsequently, we

collected xenograft-bearing zebrafish larvae at 3-hour intervals over a 24-hour period
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under dark/dark conditions, thereby eliminating potential light-induced perturbations on
the zebrafish circadian clock (Figure 8G). We found that the temporal as well as the
average expression level of the human PERZ2 gene in the xenografts were dramatically
altered compared to cells in vitro, indicating that CRC cells inside the xenografts had

a different circadian clock than the cells outside of the zebrafish (Figure 8H-I).

Taken together, our data illuminate the pivotal roles of BMAL1 and NR1D1 in the
viability of HCT116 tumours and highlight a distinct mechanistic role for NR1D1 in

influencing metastatic potential in an in vivo setting.
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Figure 8: Downregulation of core-clock genes affects tumorigenesis in vivo.
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At 4 days post-injection (dpi): (A) mitotic figures, (B) % of apoptosis, (F) activated caspase 3, (C) tumour size
(number of tumour cells) and (D-F) metastatic potential were quantified. Metastatic potential was quantified by
injecting cells into the Perivitelline Space (PVS) only, with no cells in circulation (E) and cells injected directly into
circulation (F). Each dot represents one xenograft. Results are from one single independent experiment. Statistical
analysis was performed using Mann—Whitney test (ns or no asterisk p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001).
Error bars: mean + SEM. (G) Overview of the time-course assay for the in vivo study. HCT116 cells were injected
into zebrafish larvae at 48h post-fertilisation (48hpf). After 3 days, xenograft larvae (XG) were collected every 3h
for the course of 24h during dark/dark conditions. Non-injected zebrafish larvae were used as controls (NI), n = 45
larvae/time-point. Time-course mMRNA expression levels compared to the mean for: (H) zebrafish per2 gene in non-
injected zebrafish larvae (black line and dots) and zebrafish xenografts injected with HCT116 cells (red line and
dots), (I) human PER2 gene in zebrafish xenografts injected with HCT116 cells (red line and dots) and in HCT116
WT cells in vitro (WT, purple line and dots). The average hPERZ2 expression between XG and HCT116 WT cells is
depicted as a bar plot. Cosinor fitting curves were applied for the determination of oscillation parameters (no asterisk

p > 0.05). Figure adapted from [60].

3.1.3 Discussion

In this work, we demonstrated that the core-clock gene NR1D1 plays an important role
in regulating cell proliferation, motility and invasion in colon cancer cells. NR1D1 is
involved in the regulation of various cellular processes, including metabolism,
proliferation, and differentiation [82]. Several studies have shown that NR1D1
expression is frequently downregulated in various types of cancer, including breast,
prostate, and liver cancers [83,84]. This reduced expression of NR1D1 has been

associated with a more aggressive phenotype and poorer prognosis in these cancers.

However, this study is the first to identify a role for NR1D1 in regulating cell motility and
invasion in cancer cells. The ability of cells to migrate and undergo several steps to
metastasize is an important hallmark of cancer with profound therapeutic potential.

Both our in vitro and in vivo data indicate a diminished cellular motility and
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approximately a 20% reduction in metastatic potential following NR71D1 suppression in

HCT116 cells.

We speculate that NR1D1 may regulate the expression of genes involved in cell-cell
interactions, cell adhesion and migration as well as EMT, which could impact cell shape
and motility. EMT is a process in which epithelial cells transform and acquire
characteristics of mesenchymal cells. This transformation enhances cell migration,
invasion, and contributes to drug resistance and is a crucial step in the development
of metastatic CRC [85]. To check for this, we measured the expression of genes
involved in EMT and CRC stem cell marker in downregulated NR1D1 cells and
observed a significant reduction of SNA/1 (p <0.001) and CD44 (p < 0.01) compared

to the control cells (data shown in published article).

As a therapeutic approach, targeting NR1D1 has shown promising results in cancer
studies. For example, in breast and gastric cancer cells, NR1D1 showed anti-
proliferative effects, either by targeting cyclin A2 to pause the cell cycle [86] or by
inhibiting glycolytic flux and the pentose phosphate pathway [87], respectively. Also,
pharmacological targeting of NR1D1 using agonists such as SR9009 and SR9011 has
been suggested as a promising strategy for cancer treatment, as these drugs induce
cancer cell death without affecting non-transformed cells [82]. Therefore, targeting
NR1D1 could represent a novel therapeutic strategy for inhibiting tumour metastasis,

in addition to other mentioned effects.

We furthermore suggest that the zebrafish xenograft model used in this study could be
a valuable tool for future cancer research, as it allows for the visualization of cancer

cell growth and invasion in real-time, using multiple biological replicates.
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Finally, we acknowledge limitations of our work, including the fact that the zebrafish
xenograft model may not fully recapitulate the complex microenvironment of human
tumours. While this model allows for visualization and quantification of cancer cell
invasion and metastasis, further studies in animal models or human patient samples
are needed to confirm the relevance of these findings to human cancer. Also, further
studies are needed to confirm whether NR71D1 plays a similar role in regulating cell

motility and invasiveness in other types of cancer cells.

In summary, this study suggests that core-clock genes play a role in regulating cell
migration, invasion, and metastatic potential in colorectal cancer cell lines and

proposes that the NR1D1 may regulate these properties.
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3.2 Chapter 2: Core-Clock Genes Regulate Proliferation and
Invasion via a Reciprocal Interplay with MACC1 in Colorectal
Cancer Cells

Published at the journal Cancers on the 16" of July 2022. The publication [88] with

DOI: https://doi.org/10.3390/cancers14143458 is available at:

https://www.mdpi.com/2072-6694/14/14/3458. © Authors 2022. This work is distributed

under the Creative Commons Attribution 4.0 License.

Own contributions: all in vitro experiments, data and statistical analysis of in vitro

experiments, visualisations, major parts of the text of the publication

3.2.1 Context

As mentioned above and discussed in chapter 1 [60], circadian rhythms are regulated
by a set of core-clock genes that play a critical role in maintaining the timing of
physiological processes in various tissues and organs. Disruption of the circadian clock
has been associated with several pathological conditions, including cancer, and
circadian disruption is common in cancer cells and tumours, including colorectal cancer

(CRC).

Circadian clock and colorectal cancer metastasis: importance and implications
As CRC metastasis is a significant cause of cancer-related morbidity and mortality
worldwide, understanding the molecular mechanisms underlying CRC development
and progression is crucial for providing effective treatment strategies. Circadian-based
therapy has demonstrated a prominent role in CRC patients with increased efficacy
and survival rates compared with conventional therapy [74,75]. Actigraphy
measurements and wrist-based accelerometric analyses have also been used for

monitoring and predicting therapeutic responses as well as evaluating clinical outcome
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in patients with colorectal cancer [77,89]. Therefore, understanding the bidirectional
connection between circadian clock components and cancer invasion and metastasis
on a molecular basis opens new possibilities for treatment development and

optimization.

In our previous work, we identified potential regulatory roles of ARNTL (also known as
BMAL1) and NR1D1 in modulating oncogenic parameters including cellular
proliferation, apoptosis, and metastatic potential [60]. This generated a hypothesis
suggesting that circadian clock components may regulate genes integral to metastatic
processes via pathways including EMT, cell cycle dynamics and cellular invasion.
Therefore, in our second study, we primarily focused on MACC1 (metastasis-
associated in colon cancer 1), which is well-known to be a driver and facilitator of
cancer metastasis, particularly in CRC [90,91], yet its interplay with the circadian clock
remains unexplored. MACC1 is a transcription factor involved in EMT, regulates
expression of metastasis-related genes such as c-MET (which can directly induce
metastasis), impacts tumour cell migration and invasion, and induces metastasis in

solid cancers [90].

We investigated the extent of circadian clock control in CRC cell progression (e.g.,
proliferation and migration) via core-clock and clock-controlled genes, which regulate
cell migration and invasiveness and provided evidence of a reciprocal interplay
between MACC1 and circadian clock, with an impact on CRC progression, particularly

cancer cell proliferation and invasion.

43



Main Results - Chapter 2: Core-Clock Genes Regulate Proliferation and Invasion via a Reciprocal

Interplay with MACC1 in Colorectal Cancer Cells

3.2.2 Findings

EMT-related gene expression is affected by core-clock manipulation: Our first
interesting observation was that the KO of core-clock genes ARNTL, PER2 or NR1D1
resulted in differential expression of several genes involved in EMT- and metastasis-
related pathways, including ECAD, SNAI1, CD44 and CD133 (Figure 9A). Strikingly,
MACC1 showed the strongest differential expression, with a more than 3-fold increase
after ARNTL KO and PERZ2 KO, and a slight downregulation after NR71D1 KO in
HCT116 cells. Also, upon stable downregulation of the mentioned core-clock genes,
we noted significant differential expression of MACC1 in both SW480 and SW620 cell
lines (Figure 9B-C). Thus, our gene expression data, together with observed changes
in cell proliferation, apoptosis and migration upon core-clock gene manipulation
(Figure 9D), suggest that disrupting the circadian clock machinery may play a role in
promoting cancer-associated properties in CRC cells, particularly in EMT and cell

invasion related pathways.
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Figure 9: Core-clock manipulation alters EMT-related gene expression in CRC cells and affects

cancer cell properties.

Gene expression analysis of related genes in EMT, cell cycle, death and metastasis in (A) HCT116, (B) SW480 and
(C) SW620 WT/control and core-clock manipulated cell lines at 24h after synchronization (n = 3, mean + SEM). (D)
Proliferation, Apoptosis and Migration analysis of HCT 116 WT and core-clock knockouts using live-cell imaging over
several days (n > 8, mean + SEM). * p < 0.05, ** p < 0.01, *** p < 0.001, two-tailed unpaired t-test. Figure adapted

from [88].
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The cellular circadian clock and cancer properties are both impacted by MACC1
manipulation: Since MACC1 showed the most striking expression change upon the
KO of core-clock genes, we analysed a cellular model of MACC1 overexpression and
KO cells in HCT116, as well as MACC1 manipulated SW480 (overexpressed) and
SW620 (knocked out) cells. With this, we aimed to examine whether MACC1 affects
the circadian clock machinery. Indeed, gene expression analysis suggested a putative
correlation between ARNTL, NR1D1, and MACC1 expression (Figure 10A-B). The
deletion of MACC1 in HCT116 reduced the expression of NR1D1 and ARNTL
significantly (p < 0.001), while overexpressing MACC1 in SW480 increased the
expression of both clock genes significantly (p < 0.05). Additionally, our analysis
revealed a negative correlation between MACC1 expression and two regulators of
cancer and circadian rhythms, specifically HRAS and SIRT1. More interestingly, we
reported for the first time that MACC1 perturbations led to significant changes in the
period, phase, and amplitude of circadian clock oscillations measured via ARNTL-
promoter activity in living cells (Figure 10C-D). We found that MACC1 overexpression
increased the period of ARNTL-promoter activity, while MACC1 KO decreased it.
These changes were accompanied by alterations in cell proliferation, migration, and

apoptosis upon MACC1 manipulation (Figure 10E-F).

Altogether, our data propose a plausible reciprocal interplay between MACC1 and the
circadian clock machinery, contributing to observed perturbations in circadian rhythms

and oncogenic progression, potentially mediated through core-clock elements.
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Figure 10: MACC1 manipulation affects the circadian clock in CRC.
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Gene expression analysis of core-clock genes ARNTL, PER2 and NR1D1 in MACC1 manipulated (overexpression
OE or knockout KO) (A) HCT116 or (B) SW480/SW620 cells. Samples were collected at 24h after synchronization
(n =3, mean + SEM). (C-D) ARNTL promoter activity in MACC1 manipulated HCT116 cell lines over five days using
live-cell bioluminescence recordings. Period, phase and amplitude were measured using Chronostar and compared
to control (n = 3, mean + SEM). * p < 0.05, ** p < 0.01, *** p < 0.001; two-tailed unpaired t-test. (E-F) Proliferation,
migration and apoptosis analysis of HCT116 MACC1 OE (E) and HCT116 MACC1 KO (F) cell lines using live-cell
imaging (n > 8, mean + SEM, significance tested by comparing AUC with the respective control cell line, two-tailed

unpaired t-test). Figure adapted from [88].

Rhythmic MACC1 protein expression is affected by clock alterations: a possible

clock-MACC1 connection in CRC

To examine whether MACC1 is under circadian control, we measured MACC1 protein
expression in a time-course manner in synchronized HCT116 cells. Remarkably, we
found that MACC1 protein has a circadian rhythm that closely follows ARNTL rhythms
and oscillates antiphase to NR1D1 rhythms in WT cells (Figure 11A). Interestingly,
MACC1 circadian rhythms were disrupted in all core-clock knockout cell lines,
suggesting the existence of a clock-MACC1 connection (Figure 11B). To test this, we
investigated possible protein-protein interactions between the core-clock and MACCA1
via co-immunoprecipitation assay. Indeed, we identified a MACC1-NR1D1 protein-
protein interaction in HCT116 WT cells, underscoring a mechanistic link between the
circadian clock and MACC1 at the protein level (Figure 11C). Notably, this interaction

was lost after NR1D1 depletion in HCT116 cells (Figure 11D).

Finally, we sought to investigate whether core-clock or MACC1 alterations affect cell
invasiveness in CRC (as an indirect indication of metastatic potential), by measuring
chemotaxis 3D cell invasion over time. Our data showed that HCT116 cells with

depleted core-clock elements (ARNTL, PER2 or NR1D1) had increased invasive
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capability compared to WT cells (Figure 11E). This effect was more prominent in
ARNTL KO or PERZ2 KO cells and similar to the MACC1 overexpressing cell line. On
the contrary, depletion of MACC1 reduced invasiveness in HCT116 cells. Thus, our
data revealed that core-clock depleted cells with disrupted MACC1 rhythms displayed
increased invasiveness, suggesting that the interplay between MACCT and the
circadian clock might regulate the progression of CRC cells, providing important
insights into the molecular mechanisms underlying the circadian regulation of cancer

metastasis in CRC.
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Figure 11: Circadian MACC1 oscillation is affected by core-clock manipulation in HCT116 cells.

30h time-course protein expression (ARNTL, NR1D1 or MACC1, western blotting) in synchronized (A) HCT116 WT
cells. (B) MACC1 expression in synchronized ARNTL KO, PER2 KO or NR1D1 KO cells. GAPDH and mean
normalized data are presented (n = 3, mean + SEM). Rhythmicity analysis was performed using Cosinor in
Discorhythm R package [92] for a period of 24h. A cosine curve was fitted for rhythmic data sets (p < 0.05), and
data points were connected with closed lines for arrhythmic data points (p > 0.05). Co-IP analysis of MACC1 in (C)
HCT116 WT and (D) NR1D1 KO lysates. IP was performed for NR1D1 or ARNTL. Western blot was performed
using MACC1 antibody. I1gG: Isotype control. (E) 3D chemotaxis cell invasion analysis of HCT116 cells using

IncuCyte S3 live-cell analysis within 84h (n = 8, mean + SEM). Figure adapted from [88].
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3.2.3 Discussion

In our second published work, we built upon and further investigated key findings from
our previous work regarding the connection between the circadian clock and cancer
invasion/metastasis potential in CRC. As previously reported, the circadian clock has
been shown to play a role in cancer progression, including metastasis and metastatic
potential in CRC. Low expression of PER2 or NR1D1 and upregulation of CLOCK have
been found to be correlated with metastasis in CRC in patient samples and in vivo
experiments [60,93,94]. Another study reported that the circadian core-clock element
CRY1 was upregulated in CRC cell lines as well as in clinical samples, which correlated
with increased cell migration in vitro and lymph node metastasis in patient samples
[72]. Also, a recent study showed that ARNTL affects CRC progression and metastasis
by stimulating exosome secretion in vitro [95]. Despite these findings, the mechanistic
link between the circadian clock and CRC progression is still poorly understood and

requires further investigation.

Here we showed that the circadian clock regulates elements related to cancer
metastasis in CRC, particularly via MACC1, a gene associated with metastasis
formation. MACC1 serves as a key mediator in metastatic pathways and plays an
instrumental role in modulating therapeutic outcomes in CRC interventions [90,96]. We
reported that the expression of MACC1 is strongly affected by the disruption of the
core-clock genes and showed for the first time that MACC1 is under circadian control
and oscillates in phase with ARNTL rhythms in WT cells, which is lost after circadian
clock disruption via core-clock KO. We further suggested that the clock-MACC1
connection may be mediated through NR1D1, for which we identified protein-protein

interactions with MACC1, as seen by our immunoprecipitation assays. Interestingly,
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we observed that the disruption of the circadian clock in CRC cell lines followed by
disrupted MACC1 rhythms led to an increase in invasiveness potential, as measured
by chemotaxis cell invasion through a 3D biomatrix. Specifically, cells with PER2 KO
exhibited a pronounced increase in cellular invasion, potentially attributed to a notable
upregulation of MACC1 and a decrease in ECAD expression. These alterations likely

promote a more invasive cancer phenotype through the activation of EMT markers.

Strikingly, we also observed that MACC1 manipulation (via overexpression or KO)
affected core-clock gene expression as well as the circadian phenotype in CRC cells.
We observed this effect by changes in the oscillation period of ARNTL-promoter activity
upon MACCT manipulation, highlighting the existence of a potential bidirectional
interplay between components of the circadian clock and MACC1. These data
elucidate the integral function of core-clock genes in modulating CRC metastasis and
invasion, potentially via an intricate molecular crosstalk with MACC71 at both
transcriptional and rhythmic oscillation levels. Given that MACC1 serves as a
therapeutic target for CRC progression and metastasis [91], its circadian-mediated
modulation is likely to influence treatment efficacy in a time-dependent manner.
Therefore, our findings highlight a strong association between oncogenic properties

like proliferation and invasion, and the circadian clock, mediated by MACC1 in CRC.

However, further research is needed using primary cells from patient tumour samples
and/or animal models to verify these interactions in vivo and determine their functional

relevance in CRC progression as well as treatment.
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4 General Discussion and Outlook

4.1 Circadian Clock in Cancer: Intertwined and interconnected

The circadian clock is an endogenous timekeeping system that orchestrates various
physiological processes, including the sleep-wake cycle, metabolism, and immune
function, to maintain proper homeostasis. It is regulated by a complex network of
genes, proteins, and signalling pathways that function in feedback loops to generate
and maintain robust rhythms in activity and behaviour. Disruption of the circadian clock
has been linked to several health issues, including an increased risk of cancer
formation and progression [97,98]. Circadian rhythm disruptions, such as shift work,
jet lag, or exposure to light at night, have been associated with a higher incidence of
several types of cancer, including breast, prostate, lung and colorectal cancer [99-102].
This is due to the fact that the circadian clock regulates multiple aspects of cell biology
including the regulation of cell cycle and DNA repair mechanisms, control of
metabolism as well as the modulation of immune function (reviewed in [61]), to name

a few.

Interestingly, accumulating evidence points to the fact that cancer, in turn, can also
impact the circadian clock through various mechanisms and thus supports the idea of
a bidirectional interplay between the two elements. Cancer can affect the circadian
clock on both systemic and molecular/cellular levels. These influences can disrupt the
normal functioning of the circadian system and contribute to the progression of the
disease. At the systemic level, cancer can disrupt circadian rhythms through the
release of inflammatory cytokines (e.g., interleukin-6 and tumour necrosis factor-alpha)
[103] and alterations in hormone levels (e.g., in breast cancer) or other signalling

molecules [104,105]. These disruptions can affect various physiological processes,
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such as sleep-wake cycles (e.g., leading to insomnia or fragmented sleep) [106] as

well as changes in metabolism, all affecting the circadian clock function.

At the molecular and cellular level, cancer can affect the circadian clock by altering the
expression or function of core-clock genes and proteins such as PERs, CRYs, CLOCK,
and BMAL1 (reviewed in [52]). Animal studies have shown that tumours can impact
circadian rhythms in tumour-free distal organs in breast, melanoma and lung cancer
studies [107-109]. Other examples include the role of oncogenes and tumour
suppressors, as seen for MYC and TP53, respectively, in affecting circadian clock
function. It was shown that MYC increases the transcriptional activity of E-box sites
and enhances NR1D1/2 expression, which in turn inhibits BMAL1 function [110].
Another study showed that p53 plays a role in regulating the expression of Per2 and
maintaining the circadian rhythm in mice [67]. The authors demonstrated that p53
directly binds to the Per2 promoter region, affecting its transcription as well as the
mouse circadian behaviour. These alterations can further worsen the disruption of
cellular processes, lead to disruptions in circadian-controlled pathways [111] and

finally, contribute to cancer progression.

In the context of colorectal cancer (CRC), several studies have reported associations
between clock gene expression and CRC development, progression, and prognosis
(reviewed in [112]). For example, altered expression of clock genes, such as ARNTL
and members of PER and CRY family have been observed in CRC tissues and
colorectal liver metastases, and these alterations have been linked to
clinicopathological features, including tumour stage, lymph node metastasis, and
overall survival [69,113,114]. While some core-clock genes are reported to have
tumour suppressor properties, others may promote CRC progression, though these

findings are inconsistent and require further research. In addition, clinical studies in
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humans have suggested that disruption of circadian rhythms may accelerate CRC
progression and showed that circadian rhythms can be used as predictors of CRC
patient survival [76,115]. Therefore, the circadian clock is thought to play a role in
regulating CRC progression and metastasis, although the exact mechanisms are still

unclear.

In our work, we showed evidence of molecular interplay between elements of the CCN
and EMT related components in CRC with a profound impact in regulating cell
proliferation, invasion and metastasis potential. Recent findings have highlighted the
significance of core circadian clock genes (e.g., BMAL7) in EMT-induced CRC
metastasis and drug resistance to chemotherapeutic agents [116]. Therefore, gaining
a deeper understanding of core-clock genes in the epithelial-mesenchymal equilibrium
of CRC cells could help develop strategies to reverse drug resistance in existing
treatment methods. We further characterized the role of the circadian core-clock genes
BMAL1, PER2 and NR1D1 in CRC progression and introduced a new EMT-related
component, MACC1, as a mediator and effector of clock-cancer interplay. While
MACC1 manipulation affects core-clock rhythmicity and expression in CRC,
disruptions of core-clock genes abolished MACC1 circadian rhythms and protein-
protein interactions, and ultimately affected CRC invasiveness and metastasis ability,
pointing towards a reciprocal complexity and interconnectivity between the two

systems.

Further studies are needed to elucidate the precise molecular mechanisms linking the
circadian clock, EMT and cancer metastasis, and to explore the potential benefits of
chronotherapy and clock gene-targeted interventions in cancer management.
Investigating this interaction could lead to the identification of novel therapeutic targets

and improved prognosis, in addition to expanding our knowledge of cancer biology.
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These findings may also help improve prognostic tools and patient stratification,
allowing for more personalized approaches to cancer treatment. As a result, clinicians
could tailor treatment strategies to individual patients, optimizing outcomes and
potentially improving survival rates [117]. However, challenges remain in
understanding the complex molecular mechanisms and translating findings from
animal models to humans. This is mainly due to a) the complexity of the circadian
system involving multiple genes, proteins, and signalling pathways, b) the inter-
individual variability in circadian rhythms and c) difficulty in translating findings from

animal models to humans due to species-specific differences in circadian regulation.

4.2 Towards Personalized Circadian Medicine

The implications of finding connections between the circadian clock and elements
regulating cancer formation and metastasis are significant. Understanding the
molecular mechanisms underlying these connections can provide valuable insights
into cancer biology and potentially inform the development of novel therapeutic
strategies. These include identifying novel drug targets, improving cancer prognosis,
and ultimately utilizing personalized medicine. Indeed, these findings have led to the
development of circadian medicine (i.e., chronotherapy) and chrono-oncology [41].
Chrono-oncology is a subfield of oncology that focuses on the study of the relationships
between the circadian clock, cancer development, and cancer treatment. It
investigates how disruptions in circadian rhythms can contribute to cancer
development and progression, and how the circadian clock can be harnessed to
improve cancer treatment efficacy and reduce side effects. By understanding the role
of the circadian clock in cancer biology and applying this knowledge to the timing and

administration of cancer therapies, chrono-oncology aims to improve patient outcomes
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and quality of life. In general, circadian medicine and chrono-oncology (including in

CRC) rely on three main strategies [41,56,118]:

a) Targeting the clock: Targeting circadian clock components and/or strengthening
circadian rhythms using zeitgebers (e.g., light, food and exercise) could affect disease
progression or even prevent their onset [119,120]. For example, pharmacological
activation of REV-ERBs (via SR9009 and SR9011) and RORs (via nobiletin), two
components of the core-clock network, has been reported to induce lethality in several
cancers including CRC [82,121].

b) Timing of the drug: Since there is evidence of a clear time-of-day dependency
in drug efficacy or toxicity shown in many pharmacological studies [41,122,123] this
approach involves the timing of treatments according to daily rhythms in
pharmacokinetics and pharmacodynamics, to reduce side effects and improve patient
survival. For example, administering immunotherapy at specific times for melanoma
patients has demonstrated better results compared to conventional treatment, both in
reducing side effects and enhancing survival rates [124]. In CRC, chrono-modulated
FOLFOX treatment in metastatic CRC patients resulted in a survival advantage
compared to conventional treatment [75]. Indeed, a recent systematic review of 18
clinical studies involving 2547 cancer patients with various cancer types (e.g.,
colorectal, nasopharyngeal, endometrial and ovarian cancer) found that chrono-
modulated chemotherapy significantly reduced treatment toxicity while maintaining
efficacy in most cases [125].

c) Tracing the clock: As the effectiveness of therapeutic interventions can be
dependent on an individual's internal circadian phase, treatments should be
personalized according to the individual's chronotype (i.e., internal body clock). For

successful circadian precision medicine, accurate, sensitive, reliable, cost-effective,
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and practically applicable methods for assessing individual circadian phases and
monitoring of biological rhythms are needed. While traditionally chronotype was
determined through questionnaires, actigraphy, or examining the timing of evening
melatonin rise in blood or saliva [126], newer, more practical biomarkers that use single

blood or tissue samples are being considered (reviewed in [53]).

In a novel approach, we developed a non-invasive and user-friendly method to profile
an individual's circadian rhythm using saliva samples collected over a 48-hour period
during the daytime [127,128]. Our approach harnesses the molecular characterization
of core-clock gene expressions, including BMAL1 and PER2, combined with
computational techniques like harmonic regression and mathematical modelling. This
analysis produces an individual's circadian profile, characterized by amplitude, period,
phase, and the mesor (mean level). This detailed individual circadian rhythm profile
has several potential applications in both clinical and non-clinical settings. These
include monitoring disease progression, optimizing the timing of medical treatments
based on drug targets, and improving physical and cognitive performance, such as
sports performance and sleep quality. In a pilot study using healthy subjects (15
participants, 7 women) we demonstrated that our method can be used to display inter-
individual differences in circadian rhythms among participants, and can be utilized to
predict individual times for best exercise performance using computational analysis
[127]. Thus, our tool has the potential to optimize treatment timing in patients and

enhance performance in healthy individuals.
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Despite these and other advancements in translating circadian clock knowledge to
health improvement and cancer treatment in patients, several challenges remain in
finding routine applications based on a patient’s circadian clock information. Future
studies on the interplay between the circadian clock and cancer, particularly in
colorectal cancer, should aim to deepen our understanding of the underlying molecular
mechanisms, identify novel therapeutic targets, explore the role of the tumour
microenvironment [129], and develop circadian-based biomarkers. By designing
studies that address these areas, we can work towards improving patient outcomes
and developing more effective and personalized treatments for colorectal cancer

patients.
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