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1. Abstract 

At the heart of the universe lies the synchrony of nature at every scale, including in 

our bodies. Building upon this concept Nobel Prize in Physiology or Medicine in 2017 was 

awarded to the discovery of the circadian clock which is the fascinating molecular genetic 

mechanism that allows organisms to anticipate, respond, adjust, and synchronize with 

recurring periodic events. The human circadian system, which is essential for fine-tuning 

the timing of biological events around the 24-hour solar day, comprises a network of 

clocks distributed throughout the body, with the suprachiasmatic nucleus in the brain 

acting as a central regulator. Any disruption to cellular clocks or disruption of their 

synchrony can lead to alterations in cellular pathways such as cell cycle or DNA repair. 

This doctoral dissertation aimed to characterize expression changes at the 

transcriptomic level upon disruption of core-clock genes on common cellular pathways 

associated with cancer and neurodegeneration (ND). High-throughput data sets retrieved 

from idiopathic Parkinson's disease (IPD) patients (438 samples) and an in vitro colorectal 

carcinoma (CRC), including Wild Type (WT) and clock Knock Out (KO) cells (64 samples) 

were analyzed. The gene expression changes observed in individuals with IPD were 

similar to the patterns seen in core-clock KO cells. Curated literature and KEGG pathways 

searches were used to determine a set of relevant pathways and their corresponding 

involved genes in ND and cancer. Among those genes we found genes associated with 

genetic forms of PD such as SNCA, GBA, and core-clock regulator DBP. Notably, co-

expression of core-clock network was altered in IPD patients compared to healthy 

controls, pointing to variations in the expression profile of PD-associated genes that may 

result from the disruption of the core-clock (as observed in vitro in the CRC model). 

Additionally, our subsequent analysis using the cancer genome atlas (TCGA) database 

revealed that genes, identified in our analysis, belong to cancer hallmark pathways and 

had a significant impact on clinical traits such as overall survival in colon cancer patients. 

Researchers have just started to shed light on the consequences of the disruptions in 

circadian rhythms, which could contribute to a deeper understanding of the molecular 

mechanisms underlying pathological development. Our results further point to a common 

regulation of specific pathways in cancer and ND and highlight the importance of the 

circadian system in this regulation. By characterizing these oscillations, an overlooked 

feature in the clinical routines, may actually reveal molecular signatures that can improve 

the diagnosis and monitoring of these pathologies.  
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1.1. Zusammenfassung 

Dem Universums liegt eine Synchronität der Natur in jedem Bereich zugrunde, auch 

dem menschlichen Körper. Basierend auf diesem Konzept wurde die Entdeckung des 

faszinierenden molekulargenetischen Mechanismus der zirkadianen Uhr, mit dem 

Nobelpreis im Jahr 2017 gewürdigt. Diese ermöglicht Organismen periodisch 

wiederkehrende Prozesse zu antizipieren, darauf zu reagieren, sich anzupassen und zu 

synchronisieren. Das zirkadiane System des Menschen, das für die zeitliche Anpassung 

biologischer Ereignisse an den 24-Stunden-Tag notwendig ist, besteht aus einem 

Netzwerk molekularer Uhren, welches im ganzen Körper verteilt ist und in dem der 

suprachiasmatische Nukleus im Gehirn als Hauptregulator funktioniert. Jede Störung der 

zellulären Uhren oder ihrer Synchronität kann zu Veränderungen zellulärer Signalwege 

wie z.B. dem Zellzyklus oder der DNA-Reparatur führen. 

Ziel dieser Dissertation war es, Veränderungen herkömmlicher zellulärer Prozesse 

auf Transkriptom-Ebene zu charakterisieren, welche durch Störung des zirkadianen 

Systems auftreten und mit Krebs und Neurodegeneration (ND) in Verbindung stehen. Zu 

diesem Zweck wurden Hochdurchsatzdaten von Patienten mit idiopathischer Parkinson-

Krankheit (IPD) (438 Proben), sowie von einem in-vitro-Modell des kolorektalen 

Karzinoms (CRC), einschließlich Wildtyp (WT)- und zirkadiane Knock-Out (KO)-Zellen, 

(64 Proben) analysiert. Mehrere Genexpressionsveränderungen der IPD-Patienten 

ähnelten Expressionsprofilen der CRC zirkadianen KO-Zellen. Mithilfe einer kuratierten 

Literatur- und KEGG-Suche wurden eine Reihe relevanter Signalwege und die daran 

beteiligten Gene bei ND und Krebs ermittelt. Einige dieser Gene sind dafür bekannt mit 

einer genetischen Formen der Parkinson-Krankheit in Verbindung zu stehen, z.B. SNCA, 

GBA und das Core-Clock-Gen DBP. Im Vergleich zu gesunden Kontrollpersonen, wurden 

bei Parkinson-Patienten insbesondere Veränderungen des Core-Clock-Netzwerks 

festgestellt. Dies weist darauf hin, dass Variationen der Expressionsprofile Parkinson-

assoziierter Gene möglicherweise aus der Störung von Core-Clock-Genen resultieren 

(wie in-vitro im CRC-Modell beobachtet). Darüber hinaus ergab unsere anschließende 

Analyse mit Hilfe der The Cancer-Genome Atlas (TCGA) Datenbank, dass die 

identifizierten Gene zu Krebs-Hallmark-Signalwegen gehören und einen signifikanten 

Einfluss auf klinische Eigenschaften wie die Überlebensdauer bei Darmkrebspatienten 

haben. Als Wissenschaftler stehen wir noch am Anfang klinische Auswirkungen von 

Störungen des zirkadianen Systems zu erforschen - in Zukunft wird dies jedoch zu einem 
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besseren Verständnis molekularer Mechanismen von Krankheitsentwicklung beitragen. 

Unsere Ergebnisse stützen die Hypothese einer gemeinsamen Regulierung bestimmter 

Signalwege bei Krebs und ND und unterstreichen die dabei wichtige Rolle des 

zirkadianen Systems. Da die Rolle zirkadianer Rhythmik in der klinischen Routine noch 

oft übersehen wird, könnte deren Charakterisierung durch Identifikation entsprechender 

molekular Signaturen tatsächlich die Diagnose und Überwachung dieser Pathologien 

verbessern. 
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2. Introduction 

2.1. The clocks that underlie biological timing - an introduction to the mammalian 

circadian system  

The necessity for an organism to accurately anticipate; respond and adjust to 

recurring periodic events favoured the emergence of “biological clocks” ticking to rule the 

daily lives. The human circadian system has evolved to fine-tune the appropriate timing 

of biological events around 24-hour (h) solar day and thereby termed circadian (circa - 

about, diem – a day) clock (1). This temporal regulation ensures the internal synchrony 

in behavior and physiology. Prominent examples are the control of sleep-wake cycle, with 

the release of the hormone melatonin promoting sleep at night and its suppression during 

the day promoting wakefulness; body temperature, which is lowest during the night, 

metabolism, and immune function, all of which exhibit daily rhythmic patterns (2). The 

circadian system is comprised of network of clocks distributed throughout the body 

(virtually in every cell) and the suprachiasmatic nucleus (SCN) positioned at the base of 

hypothalamus acting as a central pacemaker. The neuro-hormonal network conveys 

signals detected from the environment to all peripheral clocks through the SCN (Figure 

1A). The circadian rhythms (CRs) can be reset via external (e.g., light) timing cues called 

“Zeitgebers” (1, 3). The daily light exposure act as a reliable and dominant periodic signal 

to reset the human CR (4), but other Zeitgebers may interfere with circadian oscillations 

such as nutrient availability (5) or physical exercise (6) (Figure 1A). 

CRs are output of Transcriptional Translational Feedback Loops (TTFLs) involving 

a network of genes and proteins (7). In humans, at the beginning of each circadian cycle, 

positive limb of the core TTFL, namely Brain and Muscle ARNT-Like 1 (ARNTL; also 

known as BMAL1) and Circadian Locomotor Output Cycles Protein Kaput (CLOCK) 

heterodimerize and induce the expression of a multitude of genes, including their own 

repressors Period (PER) and Cryptochrome (CRY). At dawn, accumulated PER and CRY 

transit to the nucleus, where they suppress the activity of ARNTL and CLOCK (Figure 

1B). Following degradation of PER–CRY heterodimer complexes, a new circadian cycle 

begins.  To maintain the robust activity, a secondary loop is composed of Retinoic Acid 

Receptor-Related Orphan Receptor (ROR) activators and REV-ERB repressors from the 

nuclear receptor subfamily 1 group D member 1 and 2 (NR1D1 and NR1D2 also known 

as REV-ERB-ɑ and REV-ERB-β) acts on ARNTL transcription. These interconnected 

components work together to produce ~ 24 h rhythmic oscillations and regulate temporal 



 2 

 

expression of clock-controlled genes (CCGs) (Figure 1B). Rhythmic activity of the core-

clock and CCGs regulate important cellular processes including DNA repair (8), 

metabolism (9, 10) , cellular growth  (11) and death (12). 

 
 
Figure 1. The components of human circadian system. (A) Upon exposure to cues such as daily light-

dark cycles, meals, or physical exercise, also known as Zeitgebers, the circadian clock is reset. Light 

triggers a specialized set of neurons called “photosensitive ganglion cells” to transmit information to the 

central pacemaker of the clock machinery – the SCN which then synchronizes peripheral clocks throughout 

the body using neuronal, molecular, endocrine, or behavioral outputs. (B) Circadian Rhythms are generated 

via self-sustained feedback loops of positive and negative core-clock genes and proteins, including ARNTL, 

CLOCK, PERs, CRYs, RORs, and REV-ERBs (NR1D1, and NR1D2). The core-clock genes also regulate 

the circadian expression of Clock Controlled Genes (CCGs) (Figure modified from Yalçin, M., Mundorf, 

A., Thiel, F., Amatriain-Fernández, S., Kalthoff, I. S., Beucke, J. C., Budde, H., Garthus-Niegel, S., 

Peterburs, J., & Relógio, A. (2022). It's About Time: The Circadian Network as Time-Keeper for Cognitive 

Functioning, Locomotor Activity and Mental Health. Frontiers in Physiology (13), refer to Figure 2 in the 

publication (13)). 



 3 

 

2.2. The hidden clock: uncovering the circadian system's impact on disease 

Evidence from the recent years suggests that disruption of the circadian rhythms 

(CRs) can anticipate a role in the pathological development. Such disruptions can be 

caused by genetic factors altering the activity level of the clock or CCGs, or by 

environmental factors, such as long-term shift work (Figure 2A). Under normal 

physiological conditions, all peripheral tissue clocks are synchronized to the daily cycle 

according to the light signal received from the external environment. The SCN receives 

the photic information and  transmits neuro-humoral signals to ensure the adjustment of 

phases between internal and external time a process known as ‘entrainment’ (14). 

Constant alteration of the timing of daily activities, for example, change in meal times, can 

result in the circadian misalignment. Inappropriate artificial light exposure and/or changed 

meal timings results in long-term circadian desynchrony between the SCN and peripheral 

clocks and may disrupt circadian outputs such as sleep and wake cycle (Figure 2A). The 

circadian disruption was linked to a range of diseases  including sleep and mood 

disorders (15, 16), neurodegenerative diseases (17) and cancer (18) (Figure 2A). 

Although the evidence supports the involvement of circadian disruption in pathological 

development, the implementation of circadian medicine in clinical settings is still limited. 

However, the study of circadian rhythms has the potential to provide new avenues for 

treating and preventing diseases, which could ultimately lead to improved clinical 

applications. 

Available standard therapies have been partially successful in order to eliminate 

cancer cells via chemotherapy, but the therapy success varies heavily as it might be 

terminated due to observed severe side effects, or fails to function due to acquired 

therapy resistance. The frequency of disease relapses underscores the variability in 

treatment outcomes resulting from both inter-patient and intra-patient differences (19). As 

a result, cancer research has shifted its focus towards developing personalized treatment 

plans that account for these individual variations. Recently, a promising association 

between the circadian clock and crucial molecular mechanisms that play a pivotal role in 

the tumorigenesis has been unveiled (20). This connection presents a potential 

breakthrough in personalized cancer therapy, as incorporating CRs into the design of 

treatment regimens could lead to more effective outcomes (21). New and exciting 

approaches are emerging, such as non-pharmacological interventions, to address 

circadian disruptions in clinical settings. These interventions include the use of physical 
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exercise and light therapy, with circadian lighting solutions being implemented in hospital 

intensive care units (ICUs) (22). Reverting circadian disruptions through bright light 

therapy also showed a positive impact on motor and non-motor symptoms of several 

neurodegenerative disorders including Alzheimer’s Disease (AD) and Parkinson’s 

Disease (PD) and patients with dementia (23, 24) suggesting a role for circadian clock to 

improve disease management.  

Yet, ranging from inadequacy of circadian rhythm assessment methods to difficulty 

of integrating circadian medicine into clinical schedule due to the complexity of introducing 

time as a component in the planning of studies reflected an extreme discrepancy between 

development of chronobiology at basic research and clinical level (Figure 2B).  

Assessment of CR at gene expression level requires collection of several samples over 

a time course consequently making it hard for patients to comply, and results in high 

experimental costs and causing another obstacle for implementation of circadian biology 

in clinical settings. Thus, monitoring and profiling the core-clock and CCGs expression is 

extremely relevant to identify novel drug targets and to optimize the timing of drug or 

therapeutic delivery. To demonstrate the disparities between fundamental chronobiology 

research and clinical studies in the field, we conducted a PubMed search using MeSH 

terms for circadian clock and chronotherapy over a 10-year period (2011-2021) (13). The 

low number of clinical studies in the field reflects the lack of consideration for circadian 

biology in clinical study protocols (Figure 2B). Despite the significant growth in 

chronobiology at basic research level, its translation into clinical practice for health 

maintenance and disease prevention remains scarce as evident in the limited number of 

clinical studies on topic (Figure 2B).  
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Figure 2. The circadian regulation impacts human physiology and disease. (A) The circadian clocks 

ensure physiological and behavioural events take place at the appropriate time interval such as sleep and 

wake cycles (left panel). Circadian rhythms can be disrupted by genetic factors or lifestyle e.g., long-term 

shift work. The clock disruption is linked to various disorders ranging from mood to behavior and sleep 

disorders, neurodegenerative diseases (ND) and cancer (right panel). (B) The last 10-year PubMed 

literature search shows an increasing trend in terms of number of publications focused on the circadian 

research (studies with basic research) denoted in light blue. The clinical studies denoted in dark blue 

(clinical trials) indicates studies in literature in which chronotherapy was included in the study protocol. 

(Figure retrieved from Yalçin, M., Mundorf, A., Thiel, F., Amatriain-Fernández, S., Kalthoff, I. S., Beucke, 

J. C., Budde, H., Garthus-Niegel, S., Peterburs, J., & Relógio, A. (2022). It's About Time: The Circadian 

Network as Time-Keeper for Cognitive Functioning, Locomotor Activity and Mental Health. Frontiers in 

Physiology (13), refer to Figure 1 and 3 in publication (13)). 
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2.3. The time connection: unveiling the link between cancer and 

neurodegeneration  

Cancer and neurodegenerative disorders are a major public health concern 

affecting around in total 40 million people in 2020 according to studies, which investigated 

the burden of these pathologies across most prevalent 36 cancer types and 13 

neurological disorders (25, 26). Aging is linked to both pathologies (27) and known to 

impact the circadian system (28). With aging, the proper functioning of circadian rhythms 

is disrupted in part due to the diminished sensitivity of the SCN neurons to light 

stimulation. This consequently may lead to a misalignment of internal circadian rhythms 

with respect to the external light/dark cycles in the environment which can contribute to 

these pathologies (29).  Cancer and neurodegeneration (ND) are traditionally put into 

opposite poles of disease spectrum: (i) due to the resistance of cancer cells to apoptosis 

whereas increased neuronal loss being a key cellular process in ND; (ii) discrepancy in 

terms of differential regulation of gene expression in critical disease associated markers 

(e.g., P53, a well-known tumor suppressor gene (30), inactivated in approximately 50% 

of human cancers and upregulated in ND in the brain samples from Alzheimer’s Disease 

(AD) and Parkinson’s Disease (PD) patients as well as in mouse models (31)) and (iii) 

epidemiological studies which pointed to an inverse correlation among cancer incidence 

and neurodegenerative disease patients  (Figure 3A).  

In recent years, published data has highlighted overlap between these two 

pathologies at the molecular level (32, 33). Several studies reported ND patients are at a 

higher risk to develop certain types of tumors: for example, PD patients tend to develop 

melanoma (34-36) and brain cancer (37, 38) more commonly compared to controls 

although an exact causal relationship is not elucidated. Both cancer and ND involve a 

multistep accumulation of erroneous cellular processes, including aberrant activity of key 

elements in cellular pathways such as DNA repair, cell cycle, redox homeostasis and 

immune system, which impact the onset and advancement of both pathologies (Figure 

3A) and are regulated by the clock (8, 11, 39-43).    

The circadian clock can reset upon adjustment to short-term misalignments, for 

example, when one travels across several time zones, an event known as jet lag. Yet, 

the evidence from population scale studies suggested constant disruption of circadian 

dynamics are associated with an increased risk of developing certain cancer types among 

shift workers such as breast cancer (44, 45) (Figure 3B, left panel). The disruption of 
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circadian dynamics was also implicated in ND (46, 47) as evidenced by the worsening of 

patient’s motor and non-motor symptoms at late hours of the day also called as 

‘Sundowning Effect’, which has been linked to a change in rhythmic regulation of core-

body temperature - a direct output of the circadian clock, in AD patients (48) (Figure 3B, 

right panel). Recently, several lines of work pointed to a role for the circadian regulation 

in ND-associated pathways in context of cancer in-vitro cellular models (49, 50). Our 

recent work using time course datasets (51) derived from colorectal cancer (CRC) SW480 

(ATCC CCL-228) and SW620 (ATCC CCL-227) cells collected at distinct stages of tumor 

(primary tumor SW480 cells and SW620 cells, which is the metastatic counterpart and 

derived from the same patient) revealed changes in the rhythmicity patterns of 

neurodegeneration-associated pathways pointing to the involvement of circadian system 

in this link, which we further investigated in the scope of this thesis. In the following 

section, the role of circadian clock in regulation of cellular pathways, that are tightly linked 

to disrupted mechanisms in ND and cancer, which is the focus of this thesis will be 

introduced.   

 

Figure 3. The circadian clock as an emerging link connecting neurodegeneration and cancer. (A) 

The inverse correlation between cancer and ND incidence places these pathologies to opposite poles of 

disease spectrum. The aging being a risk factor in both, commonly disrupted cellular pathways in cancer 

and ND are DNA repair, redox balance, cell cycle and immune system. (B) The disruption of circadian 

system linked to both cancer and neurodegenerative diseases. As a result of constant disruption of 

circadian rhythms, long term shift workers are suggested to be more prone to certain types of cancer shown 

in population scale studies. The disruption of circadian dynamics was also implicated in ND, for example, 
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by worsening of patient’s motor and non-motor symptoms at late hours of the day also called as 

‘Sundowning Effect’.  

2.3.1. Circadian regulation of cellular processes in tumorigenesis 

The hallmarks of cancer refer to biological processes that have been reprogrammed 

by tumors to promote the survival and growth of cancer cells (52, 53). The circadian clock 

is known to regulate several of these hallmarks (54) including regulation of the DNA 

damage repair, apoptosis and cell cycle. The cell cycle, which is a commonly disrupted 

process both in ND and several cancer models, for example, is known to be tightly 

regulated by the circadian clock.  It can interfere with cell cycle via several routes from 

modulation of cell cycle checkpoints (e.g., by interacting with Wee1 kinase (55)), Myc (56, 

57) or p53 (58). Furthermore, it has been observed that when core-clock genes are 

disturbed, it can lead to a higher risk of tumor development such as the Per2 gene, 

regarded as a tumor suppressor in several mouse models, including colorectal cancer 

(CRC) (59), lymphoma (60) and oral squamous cell carcinoma (61). 

CRC is the third death-leading and the second most prevalent cancer globally (62). 

In 2020 alone, there has been more than 1.8 million new cases, which is expected to be 

increased in the upcoming decades (25). In the context of chrono-modulated therapeutic 

administration of chemotherapeutic drugs, CRC is one of the best studied examples 

although further studies are required to elucidate potential of optimization for an individual 

therapeutic scheme considering each patient’s personal circadian rhythm. Several clinical 

studies showed a benefit from chrono-modulated administration of conventional first-line 

chemotherapeutic drugs in CRC patients, including irinotecan (63, 64), 5-fluorouracil (65) 

and oxaliplatin (66). However, various results observed in clinical measures evaluating the 

effectiveness of chronotherapy in different subgroups of patients indicate the influence of 

other clinical factors such as sex, age and stage on treatment outcomes (67-69). These 

factors should be investigated further in the future to improve the characterization of clinical 

categories. For example, chrono-modulated administration showed a better outcome 

among men compared to women in CRC (70). One potential explanation for such a diverse 

outcome could be due to sex-dependent regulation of circadian genes that result in 

differential alteration of genes, such as ATP-binding cassette (ABC) transporters Subfamily 

B Member 1 (ABCB1) as they are involved in absorption or other metabolic processes of 

drug and therapeutic compounds (71).  
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Transcriptomic approaches are crucial for investigating circadian related 

disturbances, as they allow for the identification and analysis of circadian gene expression 

alterations in response to disruptions in core-clock elements. In the context of this thesis, 

to study cellular alterations upon core-clock disruption in commonly altered cancer and ND 

pathways, a computational analysis of time series transcriptomics was performed on 

datasets derived from HCT116-wild type (WT) CRC cells and CRISPR-Cas9 generated- 

core-clock knockout (KO) cells (HCT116-ARNTLKO; HCT116-PER2KO and HCT116-

NR1D1KO cells) representing alteration of different clock components. By conducting the 

analysis with KO cells, we aimed to mimic the alteration of specific clock components and 

to investigate affected downstream pathways to correlate to changes occurring in patients. 

This information can provide important insights into the underlying mechanisms of circadian 

disruption in cancer and inform about the development of potential therapeutic 

interventions. 

2.3.2. The role of circadian clock in neurodegeneration 

Several neurodegenerative diseases (72) manifest early symptoms of circadian 

disturbances such as reflected in sleep/wake cycles in dementia (73), Alzheimer’s 

Disease (AD) (74), and Parkinson’s Disease (PD) (75) suggesting that the circadian 

system's malfunctioning may have a critical and even a causal role in the pathologic 

development of these disorders (76). Furthermore, there are reports of disrupted 

circadian oscillations among ND patients and daily variations in symptoms. Patients 

reported more troublesome motor symptoms in the evening hours (77, 78), particularly in 

advanced disease stages in both AD and PD. This ‘Sundowning Effect’ results in range 

of clinical symptoms including increased cognitive malfunctioning, failure in thermal 

regulation, or mental breakdowns in patients, all associated with circadian variations. 

There is an improvement in both motor and non-motor symptoms during morning hours, 

commonly known as the "sleep-benefit" (79).  

PD is anticipated to impact more than 10 million people in the next two decades 

and is the second most prevalent ND currently (80). It is characterized by both motor 

symptoms like muscular rigidity, and non-motor symptoms such as tiredness or 

musculoskeletal pain. Since most PD cases are sporadic and have no known genetic 

cause, there is no cure or preventive treatment for this disease, which emphasizes the 

urge to identify novel molecular markers to target the underlying mechanisms. Decreased 

response to levodopa, a commonly prescribed first line drug for management of PD, in 
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the evening doses compared to morning administration (81); complain of night time 

akinesia (the loss of voluntary muscle movement) (82) among PD patients suggests a 

potential role for improvement of disease management by targeting the circadian rhythms 

to revert some of the disease related symptoms. Also, at the molecular level, GWAS 

(Genome Wide Association Studies) results revealed an association between single 

nucleotide polymorphisms of core clock genes and distinct PD phenotypes. These 

included tremor-dominant phenotype in variants of ARNTL (83) (rs900147 variant) ; 

postural instable phenotype in variants of PER1 (83) (rs2253820 variant) and postural 

instable phenotype in variant of CLOCK (311T/C variant) (84). Interestingly, the usage of 

bright light therapy, a dominant Zeitgeber for humans to readjust the circadian system, 

showed a benefit for management of motor and non-motor symptoms (e.g., sleep 

behavior) in several neurodegenerative disorders including PD (17, 50, 85, 86).  

Particularly in Idiopathic PD (IPD), which describes PD of unknown genetic origin 

without any mutations in the previously identified risk-associated genes, circadian 

alterations may provide a benefit to better characterize patient subgroups, diagnose and 

optimize treatment. Yet, there are currently no available time course-datasets derived 

from humans in IPD, which we were able to extract and analyze in the scope of this thesis. 

Therefore, to partially overcome this obstacle, we complemented our computational 

analysis with a publicly available microarray dataset derived from blood samples of a 

cohort of IPD patients and identified transcriptomics alterations and compared these to a 

core-clock KO model of cancer, to identify the common transcriptional signatures 

occurring upon-perturbation of core-clock genes. Although the results require further 

validation by controlling the alteration of gene expression in the key genes in humans 

using circadian assessment methods and time-course datasets, the common alterations 

observed at mean expression level resemble similar patterns in in vitro CRC model and 

IPD datasets. These findings suggest that these alterations may be translated to future 

studies at this extent. Using the time-course CRC datasets as a comparison, we wanted 

to identify circadian alterations at transcriptomics level of our short-listed set of genes 

coming from cellular pathways, which were differentially regulated in the same way 

(up/down-regulation) in both diseases. The identified targets might further be explored in 

context of IPD for its role in pathological development to investigate its potential as a 

therapeutic or diagnostic marker. 
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2.4. The research gap and aim of the thesis 

The pathological development of cancer and neurodegeneration (ND) governs 

disruption of common cellular mechanisms. As above-mentioned, these include 

alterations in DNA repair, redox homeostasis, cell cycle and immune system. At the 

crossroad of these pathologies, the loss of circadian regulation as a result of disruption 

of core-clock and Clock Controlled Genes (CCGs) lies. Previous research has focused 

on identifying links between circadian rhythms (CRs) in connection to cellular 

mechanisms linking the neurodegeneration and cancer but, to the best of our knowledge, 

this is the first study investigating the role of disruption of particular core-clock genes in 

this interplay between both pathologies. In this thesis, we hypothesized that alterations of 

disease associated cellular pathways correlate with Knock Out (KO) of particular core-

clock genes and circadian regulation plays a role in mechanisms linked to cancer and 

neurodegeneration. To address this hypothesis, we established research objectives that 

seek to answer the following questions: 

1. Does manipulation of core-clock genes (ARNTL; PER2; NR1D1) affect cellular 

pathways commonly associated with cancer and neurodegeneration? 

2. Are alterations in these cellular pathways correlated with changes observed in IPD 

patients? 

3. Do observed gene expression changes in in vitro CRC and IPD datasets relate to 

cancer hallmark networks? 

4. Do these common alterations contribute to any clinical characteristics, such as 

survival rates in CRC patients, for example, in The Cancer Genome Atlas Colon 

Adenocarcinoma (TCGA-COAD) dataset? 

For this purpose, transcriptomics datasets derived from distinct clock phenotypes 

were chosen to investigate the impact and level of clock disruption in common pathways 

altered in cancer and neurodegeneration.  To do so, RNA-seq datasets (ArrayExpress 

accession number (no.): E-MTAB-9701) derived from in-vitro WT HCT116 CRC cells with 

a functional circadian rhythm and clock KO cells (HCT116-ARNTLKO; HCT116-PER2KO 

and HCT116-NR1D1KO cells) representing disrupted CRs were analyzed. By 

complementing this analysis with a microarray dataset (GEO accession no.: GSE99039 

(87)) obtained from blood samples of a IPD patients’ (N=233) cohort and healthy controls 

(N=205),  we aimed to investigate whether the transcriptomics changes occurring upon 

KO of core-clock elements resemble those in PD patients in the cellular pathways, which 
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were pre-selected due to their involvement in the overlap of cancer and ND may further 

be used to identify common targets for development of diagnostic and monitoring tools 

for these two aging-induced pathologies. The genes involved in cellular pathways related 

to cancer and ND, thereby our main focus in the scope of this thesis further revealed 

changes in circadian rhythmicity and mean expression level of candidates upon disruption 

of core-clock genes. To further demonstrate the effect of these gene expression 

alterations on the clinical outcomes, we examined the RNA-seq dataset of the colon 

cancer patients from the publicly available TCGA-COAD cohort (88) which showed a 

significant impact on the overall survival. 
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3.   Methods 

3.1. Generation of time course RNA-seq datasets from HCT116 cells 

The subsequent sections (3.1.1, 3.1.2 and 3.1.3) about the maintenance of the 

cells, generation of the KO cells and preparation of samples for the RNA-seq time course-

dataset were performed as provided declaration of author contributions (section 8) by the 

experimental colleague in the group and further details for the experimental analysis are 

found (see please reference (89) for further details). In the scope of this thesis, a 

computational analysis of the mentioned datasets was performed.  

3.1.1. Cell culture 

HCT116 cell line of human CRC (ATCC CCL-247) and its KOs (ARNTL, PER2, 

and NR1D1) were grown using a medium composed of Dulbecco's Modified Eagle 

Medium (DMEM) (Thermo Fisher Scientific, Waltham, MA, USA), with 10% Fetal Bovine 

Serum (FBS) and 1% Penicillin-Streptomycin. The cells were then incubated at 37°C with 

5% CO2 in a humid environment. 

3.1.2. HCT116 cells CRISPR-Cas9 Knockout generation 

HCT116-KOs (ARNTL, PER2, and NR1D1) were generated via transfection of 

HCT116-WT cells with a GFP marker and the FuGENE HD Transfection Reagent 

(Promega, Madison, WI, USA). CRISPR-Cas9 plasmids containing guide RNAs designed 

to target several exons of the genes. After 48 h, GFP (+) cells were sorted with an S3e 

cell sorter (Bio-Rad Laboratories, Hercules, CA, USA) and seeded. The clones were 

expanded, and their success was confirmed by analyzing via Sanger sequencing.  

3.1.3. Preparation of samples for time course RNA-seq 

Triplicate seeded HCT116 cells in 12-well plates (2x105 cells per well) were 

synchronized via medium exchange and samples were collected between 9 h - 54 h with 

a 3 h interval post-synchronization. RNA was then isolated using the RNeasy Plus Mini 

kit (Qiagen, Hilden, Germany) and a Nanodrop 1000 (Thermo Fisher Scientific, Waltham, 

MA, USA) was used to check the concentration. The preparation of mRNA libraries was 

carried out with TruSeq Stranded mRNA Sample Preparation Kit (Illumina, San Diego, 

CA, USA) and sequenced at the GeneCore Facility of the European Molecular Biology 

Laboratory (Heidelberg, Germany) using Illumina NextSeq 500 platform, with paired-end 

reads of 75-bp and an average depth of 100 M. The generated RNA-seq time course 

dataset (from HCT116-WT and KO cells) was deposited to ArrayExpress (accession no.: 
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E-MTAB- 9701) and made publicly available upon publication of corresponding papers 

(please see the references (89-91) for further information). 

3.2. Data pre-processing 

The raw RNA-seq reads underwent quality control (QC) using FastQC (v0.11.7) 

(92) and had adapter sequences removed via Trimmomatic (v 0.38) (93). Genome 

alignment was done with the reference for Homo_sapiens (GRCh38, Ensembl release 

92) using the STAR algorithm (version 2.6.0a) (94).Transcript quantification was achieved 

using Salmon (version 0.10.2) (95) using default settings. The tximport package (v1.6.0) 

(96) was utilized to standardize the counts of Transcripts per Million (TPM). The scaled 

TPM counts were then converted to gene-level summarized count estimates; lowly 

expressed genes were removed and only counts with meanexpression_over_time-course≥0.5 CPM 

retained. The cpm function  was used to retrieve log2-transformed count estimates and 

renormalized with Trimmed Mean of M-values (TMM) normalization from edgeR (version 

3.20.9) (97). For downstream analysis, we obtained TCGA colon adenocarcinoma RNA-

seq datasets (denoted as COAD, from platform Illumina HiSeq 2000 available at 

https://portal.gdc.cancer.gov) and related demographic information using the 

TCGAbiolinks R package (98). The TCGA-COAD dataset comprised of 285 primary tumor 

and 41 healthy samples (derived from adjacent tissue). Raw counts were aligned to the 

reference genome Homo sapiens (GRCh37, hg19) and downloaded from the legacy 

achieve for downstream analysis. Subsequently, TMM normalization from edgeR 

package (97) was used and the mean variance relationship of counts was assessed using 

voom functionality from the limma R package (version 3.14) (99). A low gene expression 

threshold set (logCPM > 0.5, in at least half of the total samples) and batch correction 

was performed based on the plate information. 

The raw publicly available microarray dataset was retrieved from GEO (accession 

no.: GSE99039) using the R package GEOquery (100). The blood samples within the 

dataset were obtained from 205 patients diagnosed with Idiopathic Parkinson's Disease 

(IPD) and 233 healthy controls. To preprocess the arrays, we utilized the Robust Multi-

array Average (RMA) procedure with the R affy package (101) and quality assessment 

was performed using R arrayQualityMetrics (102). Following QC, 6 arrays that failed 2 or 

more QC modules assessing the distance between arrays; the distribution via boxplots 

and MA plots transforming data into log average vs ratios to identify outliers. One control 

participant with PINK1 mutation a gene, which is associated with early onset PD (103, 
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104), were removed to avoid potential bias. As such a total of 204 IPD samples and 227 

control samples kept for further downstream analysis. The batch correction of arrays was 

performed using ComBat R package (105) and annotations were mapped using the 

hgu133plus2.db package (version 3.2.3) (106). The probe with highest average 

expression was retained for genes, which were mapped to multiple probes. Based on the 

histogram of intensity distribution of gene counts, a low expression cutoff (<4) was set.  

3.3. Rhythmicity analysis  

The RAIN algorithm was utilized to identify circadian (24 hour (h) period) and 

ultradian (12 h and 8 h period) rhythms on unlogged gene expression values (107). The 

p-values were corrected for multiple testing using the Benjamini-Hochberg (BH) method. 

The HarmonicRegression (108) (version 1.91) package in R was used to determine 

oscillatory parameters (amplitudes and phases), where significance was set at q < 0.05 

and relative amplitude ≥ 0.1. The DODR (Detection of Differential Rhythmicity) (109) 

method was applied to identify genes that were rhythmically expressed in at least one cell 

line, and pairwise comparison was conducted between HCT116 WT and each KO. DODR 

p-values were BH adjusted for multiple testing, and a significance threshold of q < 0.05 

was set. 

3.4. Differential expression analysis  

To analyze differential gene expression in the IPD microarray dataset, the limma 

package (version 3.14) in R was used with default parameters (99). Significantly up- and 

down-regulated genes were identified with a p-value cutoff (99%, p < 0.01) and |log2 fold 

change (FC)| ≥ 0.1. A linear model with circadian coefficients was fitted on the mean-

variance assessed and normalized counts from the RNA-seq time-series data using the 

voom function (110). The limorhyde package (version 1.0.1) (111) and limma pipeline 

were used to compare the knockout cell lines to the HCT116-WT condition, with a 

significance threshold set to q < 0.05 and |log2FC| > 0.58. When comparing both RNA-

seq and microarray datasets, the unified cutoff (p < 0.01 and |log2FC| ≥ 0.1) was used. In 

the TCGA-COAD RNA-seq dataset, differential expression analysis was performed using 

the limma package (99), with genes that were significantly differentially expressed 

between cancer versus normal samples determined based on a |log2FC| > 1 and BH-

adjusted q < 0.01. 
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3.5. Aggregation of cancer and neurodegeneration KEGG Pathways 

Prior to downstream analysis, Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathways associated with cancer and neurodegeneration were chosen for 

analysis. These included all KEGG human pathways for "cell growth and death" from the 

cellular processes module, "replication and repair" pathways from the genetic information 

and processing module and pathways from the "immune system" module (112). As there 

were no redox homeostasis pathways explicitly listed in KEGG, we also incorporated 

"transport and catabolism" and "energy metabolism" pathways from the cellular 

processes’ module. Additionally, the PD pathway (hsa05012) under the KEGG human 

disease module was included and we carried out a literature search to extend this list with 

other PD-associated genes. The KEGGREST (v1.30.1) R package (113)  was utilized to 

obtain the lists from KEGG. After eliminating duplicated genes, a list of 2507 unique genes 

were generated. 

3.6. Demographics information for the cohort of IPD patients  

The IPD patient’s cohort was originally published (87), and all patients were 

evaluated clinically at referring centers rigorously. The patients without an observable 

dopaminergic deficiency in tomography scans were excluded. The demographic 

information on the patient and control groups (see please references (87) and Yalçin, M., 

Malhan, D., Basti, A., Peralta, A. R., Ferreira, J. J., & Relógio, A. (2021). A Computational 

Analysis in a Cohort of Parkinson's Disease Patients and Clock-Modified Colorectal 

Cancer Cells Reveals Common Expression Alterations in Clock-Regulated Genes. 

Cancers, refer to Table 1, (91)). 

3.7. Overall survival analysis 

The differentially expressed genes (totalling 3234) were subjected to Kaplan-Meier 

(KM) survival analysis to identify genes that had a significant association with overall 

survival in TCGA-COAD cohort. From this analysis, 289 genes were identified to be 

significantly associated with survival (q < 0.05). For cancer samples, the overall survival 

was evaluated using the date of last follow-up or days until death. To compare the change 

in gene expression levels, each expression value was classified into high and low 

expression subgroups based on the median gene expression level. The KM analysis was 

utilized with the 'survival' package (version 3.2.12) in R and survminer package (version 

0.4.9) to create visual representations of the data. Potential influence of additional clinical 
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factors such as age, sex, and tumor stage on results were assessed, and Cox regression 

model was used to stratify the outcomes based on stage. 
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4. Results 

4.1. The rhythmic gene expression of cancer- and neurodegeneration-related 

pathways is altered due to the perturbation of core-clock genes 

Cancer and neurodegeneration (ND) are two highly prevalent pathologies that 

share a number of common disrupted cellular processes, including alterations as above-

mentioned in the DNA repair and cell cycle, redox homeostasis and the immune system. 

Recent studies suggest that alterations in the expression of certain elements of these 

pathways, which are controlled by the circadian clock, may be related to these diseases. 

To investigate this, here we carried out a computational analysis of microarray datasets 

(438 samples) taken from whole blood of patients with IPD and time series RNA-seq 

datasets (64 samples) from CRC cell lines that were designed to mimic disruptions of 

different core-clock genes (ARNTL, PER2 or NR1D1). 

The data for IPD patients was obtained from whole blood samples collected from 

205 patients, and 233 controls (accession no.: GSE99039 (87)). The CRC cell line data 

was newly generated for HCT116-WT and HCT116-ARNTLKO; HCT116-PER2KO and 

HCT116-NR1D1KO cells (accession no.: E-MTAB-9701 (89, 91)), in addition to 

previously generated data from CRC cells (SW480, SW620 cells)  derived from the 

primary tumor and metastatic site of the same individual (accession no: E-MTAB-7779 

(114)).To better understand the rhythmic expression alterations in cellular pathways 

involved in both cancer and ND, we conducted a rhythmicity analysis on core-clock KO 

CRC time-course RNA-seq data. We identified genes that oscillated with circadian (24 

h) and ultradian (8-12 h) periods and used a differential expression analysis to explore 

the mean level changes in HCT116 cells and IPD datasets. We curated a list of 2507 

unique genes (see please published version refer to Table S1-S10 in the publication 

(91)), denoted as ‘genes of interest’ hereafter, including those from commonly disrupted 

pathways in both cancer and ND, such as the immune system, DNA damage, cell cycle, 

and redox homeostasis, as well as the core-clock network (CCN) and extended-CCN 

(ECCN) (115, 116). In our study, we found that the HCT116 KO cells exhibited a 

decrease in the overall number of rhythmic genes with respect to the WT cells, for both 

circadian and ultradian periods (Figure 4A-D). Furthermore, the distribution of peak 

expression time (phase) for total rhythmic genes in the transcriptome and genes of 

interest showed changes. KO of ARNTL (Figure 4B) and PER2 (Figure 4C) showed 

more prominent changes in number of rhythmic genes, indicating that the perturbation 
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of specific core-clock elements might affect the expression of particular downstream 

pathways differently. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Upon KO of core-clock genes rhythmic expression of genes of interest is altered. Global number 

of significantly oscillating genes and genes of interest are indicated above each panel. Pre-selected genes 

of interest are visualized in the scatter plots whereas the density plots refer to global distribution of 

oscillatory properties (phase and amplitude) for tested periods for ultradian (8 h in yellow, and 12 h in green) 

and for circadian (24 h in purple) genes in (A) HCT116-WT cells (B) HCT116-ARNTLKO (C) HCT116-

PER2KO (D) HCT116-NR1D1 KO cells. (Figure modified from Yalçin, M., Malhan, D., Basti, A., Peralta, A. 

R., Ferreira, J. J., & Relógio, A. (2021). A Computational Analysis in a Cohort of Parkinson's Disease 

Patients and Clock-Modified Colorectal Cancer Cells Reveals Common Expression Alterations in Clock-

Regulated Genes. Cancers, refer to Figure 2 in the publication (91)). 
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4.2. Differentially regulated genes in cellular pathways shares an overlap 

between CRC and IPD datasets and the co-expression of core clock network varies 

in IPD patients  

To gain a better understanding of the correlation between changes in gene 

expression in IPD dataset and our core-clock disrupted CRC model, we conducted an 

analysis of differential expression in each dataset. To further investigate potential sex-

specific differences, we also divided the IPD data into subgroups for males and females 

and carried out a functional enrichment analysis of global differentially expressed genes 

list revealing distinct sets of genes of interest in each subgroup. Following our differential 

expression analysis, we identified overlapping and unique set of genes of interest in each 

clock KO and the IPD cohort. Our analysis revealed that HCT116-PER2KO cells exhibited 

the most significant alteration in a synergistic manner (i.e., both up-/downregulated) in 

the expression levels of the genes of interest compared to the IPD cohort followed by 

HCT116-NR1D1KO; HCT116-ARNTLKO cells (Figure 5). 

Our comparative analysis revealed nine genes that exhibited altered expression in 

all knockouts and in IPD patient samples. These included axonal guidance and structure 

related gene Vasodilator Stimulated Phosphoprotein (VASP), immunity related genes 

Insulin Like Growth Factor 2 Receptor (IGF2R), Serpin Family A Member 1 (SERPINA1), 

Histone Deacetylase 2 (HDAC2), Transforming Growth Factor Beta 1 (TGFB); cell cycle 

and proliferation genes Cyclin Dependent Kinase Inhibitor 1C (CDKN1C) and Sp1 

Transcription Factor (SP1); oxidase activity and endocytosis associated Cytochrome B-

245 Alpha Chain (CYBA) and Low Density Lipoprotein Receptor Adaptor Protein 1 

(LDLRAP1) (Figure 5). After subgrouping the IPD cohort by sex, we conducted a gene 

expression analysis in both females (90 IPD vs 142 controls) and males (101 IPD vs 70 

controls), which revealed a smaller number of genes of interest that showed differential 

expression in females compared to males. Although there was a greater overlap in the 

number of differentially expressed genes of interest between males and core-clock CRC 

KOs, observed changes were in the opposite direction (up-/down regulation) between 

these datasets refer to Figure S8 in the publication (91)).  
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Figure 5. Common genes of interest differentially expressed in HCT116-KO cells and IPD cohort. The 

direction of changes (up or down-regulation) at mean gene expression levels were reflected with lollipop 

plots for the genes of interest shared between HCT116-ARNTLKO, HCT116-PER2KO, HCT116-NR1D1KO 

and IPD cohort versus respective controls. (Figure modified from Yalçin, M., Malhan, D., Basti, A., 
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Peralta, A. R., Ferreira, J. J., & Relógio, A. (2021). A Computational Analysis in a Cohort of Parkinson's 

Disease Patients and Clock-Modified Colorectal Cancer Cells Reveals Common Expression Alterations in 

Clock-Regulated Genes. Cancers, refer to Figure 4 in the publication (91)). 

 

Our investigation also showed that D-Box Binding PAR BZIP Transcription Factor 

(DBP), a central regulator of the circadian clock (117), exhibited differential expression in 

the HCT116-PER2KO and HCT116-NR1D1KO cells, as well as in female IPD patients. We 

subsequently identified the top 100 differentially expressed genes in both subgroups, 

which did not reveal a distinctive gene expression profile that could clearly differentiate 

IPD patients from controls. However, we observed association of a unique set of 

signatures out of differentially expressed genes of interest in females and males. We did 

not detect any differential expression of Core Clock Network (CCN) and Extended-CCN 

(ECCN) elements in the overall cohort and in sub-group analysis (based on sex) refer to 

Figure S9-11 in the publication (91). To reveal potential co-expression changes we 

conducted a correlation analysis with the IPD dataset. The correlation analysis between 

the CCN (Figure 6) elements in male and female IPD subgroups showed weaker 

correlation with respect to corresponding control groups, indicating that the association 

between these genes is not as robust in IPD patients. 
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Figure 6. Correlation of CCN genes is altered in IPD patients versus controls (sex separated). Correlation 

heatmaps reflect Spearman coefficient values in females and males. Statistical significance is denoted as 

(*) : q<0.05 ; (**) : q<0.01 ;  (***) : q<0.001.  (Figure modified from Yalçin, M., Malhan, D., Basti, A., 

Peralta, A. R., Ferreira, J. J., & Relógio, A. (2021). A Computational Analysis in a Cohort of Parkinson's 

Disease Patients and Clock-Modified Colorectal Cancer Cells Reveals Common Expression Alterations in 

Clock-Regulated Genes. Cancers, refer to Figure 6 in the publication (91) for integration of statistical 

representations). 
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4.3. Disruption of core-clock genes leads to rhythmicity alterations in commonly 

differentially regulated genes of CRC cells and IPD cohort 

To evaluate how clock disruption affects the oscillatory patterns of the top 

differentially regulated genes in the IPD cohort, we identified the genes from commonly 

disrupted cellular pathways, from the list of the top 100 differentially expressed (DE) gene 

set in the full cohort, as well as in males and females. Due to single time point collection 

of the IPD dataset and lack of available information on sampling time, we used CRC cell 

time course data to examine changes in circadian gene expression in this section. To 

further illustrate the impact of core-clock alteration on the rhythmicity properties of the 

genes of interest, such as the loss or gain of rhythmicity or changes in amplitude (the 

distance to the mean level of the peak to through of an oscillation) or phases (peak 

expression time), we conducted a differential rhythmicity analysis for all rhythmic genes 

of interest. 

Among IPD female patients top 100 DE gene set, we found Glucosylceramidase 

Beta 1 (GBA), a lysosomal processing regulator functioning was circadian expressed in 

HCT116WT cells refer to Figure S13 in the publication (91)). GBA is a common gene 

identified as a risk factor in IPD patients whose mutation is associated with increased 

susceptibility (118). Perturbation of core-clock genes led to the loss of circadian 

rhythmicity in GBA across all HCT116-KO cells (Figure 7). In males, Cytochrome B-245 

Alpha Chain (CYBA), which is involved in regulation of oxidative stress, immunity and 

phagocytosis, was differentially expressed refer to Figure S13 in the publication (91)). 

Circadian expression of CYBA in HCT116WT cells was abolished upon perturbation of 

core-clock genes. Notably, we observed that Dopamine Receptor D1 (DRD1) encoding 

the dopamine receptor that is expressed in high quantities within the central nervous 

system showed an alteration in its rhythmicity upon perturbation of all core-clock genes 

(Figure 7). Among other notable PD-associated genes that exhibit an alteration in their 

circadian profile ADRM1 26S Proteasome Ubiquitin Receptor (ADRM1), involved in 

regulation of ubiquitination and Tubulin Beta 2A Class IIa (TUBB2A) a regulator of 

neuronal communication and intracellular transport were differentially expressed in 

female and male IPD patients respectively and showed a loss of circadian rhythmicity in 

all KO cells (Figure 7). Taken together, our findings provide a foundation for contribution 

of core-clock disruption to shared gene expression alterations between cancer and 

neurodegeneration. 
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Figure 7. Circadian expression profiles of short-listed PD-associated genes in HCT116WT cells and 

HCT116-ARNTLKO (top row) in HCT116WT and HCT116-PER2KO (middle row) in HCT116WT and HCT116-

NR1D1KO (bottom row) cells. (Figure modified from Yalçin, M., Malhan, D., Basti, A., Peralta, A. R., 

Ferreira, J. J., & Relógio, A. (2021). A Computational Analysis in a Cohort of Parkinson's Disease Patients 

and Clock-Modified Colorectal Cancer Cells Reveals Common Expression Alterations in Clock-Regulated 

Genes. Cancers, refer to Figure 7 in the publication (91)) 
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4.4. Differentially regulated genes of interest are connected to cancer hallmark 

pathways and can affect survival of CRC Patients 

We examined the correlation of our findings with those genes known to be 

associated with cancer in the Cancer Hallmark Genes (CHG) database (119). We 

selected genes based on differential rhythmicity (for genes showing significant results in 

at least one of the KO cells with respect to WT), common differentially expressed genes 

in HCT116KO cells and the IPD cohort, and the top differentially regulated genes (100 

differentially expressed genes that showed significant differences) within the IPD dataset. 

About 40% of the differentially regulated genes were linked to cancer hallmarks, with the 

highest proportion being associated with signatures from "sustaining proliferative 

signalling", "resistance to cell death", and "activation of invasion and metastasis" (Figure 

8).  

 

Figure 8. Association of differentially regulated genes of interest to cancer hallmark gene networks. The 

upset plots reflect the number of genes related to each hallmark (color coded bar plot). The number of 

unique gene sets associated to one or more cancer hallmarks (connected lines) are reflected in dark grey. 

(Figure modified from Yalçin, M., Malhan, D., Basti, A., Peralta, A. R., Ferreira, J. J., & Relógio, A. (2021). 

A Computational Analysis in a Cohort of Parkinson's Disease Patients and Clock-Modified Colorectal 

Cancer Cells Reveals Common Expression Alterations in Clock-Regulated Genes. Cancers, refer to 

Figure 8A in the publication (91)). 
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To explore the association between the dysregulated genes of interest in IPD and 

cancer datasets with patient survival, we conducted a Kaplan Meier survival analysis 

using the TCGA-COAD dataset. Our analysis identified 289 genes detected, to be 

significantly associated with overall survival among DE genes between cancer versus 

normal tissue samples. We examined various clinical variables, and age at diagnosis and 

sex were not significantly related to survival refer to Figure S14  in the publication (91)). 

Nevertheless, the stage showed a significant association with survival, which therefore 

was used as a stratification factor using Cox-models. We observed that P21 (RAC) 

Activated Kinase 6 (PAK6), linked to 'evading growth suppressors', 'cell death resistance', 

'sustaining proliferative signalling', 'immune destruction' and 'activation of invasion and 

metastasis', along with Solute Carrier Family 11 Member 1 (SLC11A1), associated with 

'resistance to cell death', and Tubulin Beta 6 Class V (TUBB6), associated with 'tumor 

promoting inflammation' and 'activation of invasion and metastasis', significantly affected 

survival when considering stage stratification (Figure 9). The TUBB6 downregulation was 

associated with increased survival probability in the TCGA-COAD dataset which showed 

altered circadian expression in KO cells. Downregulation of PAK6, SLC11A1, TUBB6 

which were differentially regulated in HCT116 KO cells and in IPD patients, resulted in 

higher survival probability when downregulated (Figure 9). Taken together our results 

pointed to several genes, that show altered expression in both CRC cells and IPD 

patients, are associated with cancer hallmark networks and significantly influence survival 

outcomes in patients with colon cancer. 

 

Figure 9. Commonly differentially regulated genes in CRC cells and IPD patients reflect a role in overall 

survival of colon adenocarcinoma patients. Gene expression of TCGA-COAD dataset was assigned into 

high and low groups (based on the median) and a comparison of survival time (in days) was performed. 

(Figure modified from Yalçin, M., Malhan, D., Basti, A., Peralta, A. R., Ferreira, J. J., & Relógio, A. (2021). 

A Computational Analysis in a Cohort of Parkinson's Disease Patients and Clock-Modified Colorectal 

Cancer Cells Reveals Common Expression Alterations in Clock-Regulated Genes. Cancers, refer to 

Figure 8B in the publication (91)). 
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5. Discussion 

In the intersection of cancer and neurodegeneration, lies the loss of circadian 

regulation, which occurs as a result of the disruption of core-clock genes and Clock 

Controlled Genes. Although the cellular outcomes underlying these pathological 

processes appear to be opposite (31, 33) both Parkinson's disease and cancer are age-

related that share accumulation of erroneous events that alter common downstream 

cellular pathways. While prior research has examined the connection between the clock 

and cellular mechanisms that link neurodegeneration or cancer, our study represents the 

first investigation into the impact of disruption of core-clock genes in this association. We 

provide evidence suggesting that genes involved in commonly disrupted cellular 

pathways in cancer and ND including maintaining redox balance, regulating the immune 

system, and controlling cell cycle and DNA repair, are likely regulated by the circadian 

clock. 

5.1. Interpretation and embedding of the results into the research context 

In this study, we aimed to elucidate the impact of core-clock genes on differential 

regulation of cellular pathways associated with cancer and ND at the transcriptomics 

level. We discovered that disturbing the core-clock genes had an impact on the 

rhythmicity of genes involved in cancer and ND. Our research indicates that PER2, which 

was previously recognized for its tumor suppressor activity (120-122), was responsible 

for a significant decrease in the number of oscillating genes (with all periods) and for the 

most significant change in phase distribution across all periods when it was knocked out, 

compared to WT cells. Our research revealed that several clock genes such as, CRY1, 

DBP, NR1D1 showed differential rhythmicity in all KO cells. Moreover, some of the genes 

exhibiting differential rhythmicity in the CRC data were also differentially regulated in the 

IPD cohort according to the results at mean gene expression level. DBP, which was 

differentially expressed exclusively in the female subgroup, lost its circadian activity in 

HCT116-ARNTLKO cells and was upregulated in HCT116-NR1D1KO and HCT116-

PER2KO cells, pointing to a sex-specific variation in gene expression. Existence of more 

genes of interest with differential expression changes in the synergistic way in the female 

subgroup as in the clock KO cells compared to the male subgroup further supported this. 

Previously, the circadian activity of DBP has been shown to be abolished in ARNTLKO 

mice and linked to neurodegeneration (123). Additionally, the circadian clock could play 

a crucial role in the relationship between healthy and cancerous tissues. A recent study 
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found a decrease in the circadian activity of Dbp in healthy mice with respect to those 

with colon cancer (124) underscoring the role of the circadian clock in the pathways 

commonly altered between these pathologies. Although no other clock gene was 

differentially expressed in the IPD patient cohort, our data indicated weaker correlation of 

Core-Clock Network (CCN) and Extended-CCN elements in IPD patients in female and 

male patients with respect to controls. This suggests a shift in the relative expression of 

clock genes likely because of PD, as previous studies have already reported alterations 

in the expression of clock genes in PD (125-127). The DRD1 receptor was found to exhibit 

a phase shift, particularly a delay in HCT116-NR1D1KO cells compared to WT cells, 

suggesting that circadian factors might play a role in the connection between dopamine 

receptors and abnormal interactions causing symptoms such as L-dopa-induced 

dyskinesia. 

GBA encodes for a lysosomal enzyme and is a key risk factor for IPD. It was 

upregulated in HCT116-ARNTLKO and HCT116-NR1D1KO cells, as well as in IPD patients. 

In contrast, SNCA, a gene that is associated with the aggregation of alpha-synuclein 

protein in the brain (128), was upregulated only in HCT116-ARNTLKO cells, but 

downregulated in NR1D1KO cells and IPD patients. These findings suggest a possible link 

between circadian dysfunction and fluctuations in motor or non-motor symptoms 

observed in PD patients with GBA or SNCA alteration. In addition, perturbations of core-

clock genes may yield differential outcomes in gene expression levels (up-/down-

regulation), which may affect both cancer and ND in a distinct, core-clock specific manner 

as pointed by our analysis.  

To examine the role of altered genes identified from our analysis with CRC and 

IPD datasets in the clinical traits, a survival analysis was conducted with TCGA-COAD 

dataset in which genes such as TUBB6 and PAK6 were found to have a significant 

influence on survival and were also part of cancer hallmark networks. Even though our 

analysis considered tumor stage, sex and age as potential adjustment factors for 

stratification, other clinical traits like treatment regime or time may contribute to the 

prognostic potential of these genes and thus should be further studied. Downregulation 

of PAK6 has been linked to higher survival probability in colon cancer patients before and 

found associated with chemotherapeutic resistance (129). It also interacts with Leucine-

rich repeat kinase 2 (LRRK2) (130), whose mutational alteration is associated with a 

genetic PD form (131), and was upregulated in HCT116-ARNTLKO, HCT116-NR1D1KO 

cells, and IPD female patients, suggesting another potential core-clock link between 
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cancer and ND. Similarly, TUBB6 downregulation was found to yield a better survival 

probability, which was anticipated as a prognostic marker in various cancer forms 

previously including ovarian (132), gastric (133) and prostate cancer (134). TUBB6 is 

involved in inflammatory-induced cell death response and a direct interactor of LRRK2 

(135, 136). Taken together our study suggests that several of the genes identified from 

the pre-selected cellular pathways are relevant in a CRC and IPD context and are likely 

regulated by the circadian clock. Moreover, some of these genes influence the clinical 

traits such as survival in cancer patients, highlighting emerging new associations between 

cancer and ND with the involvement of the circadian clock (Figure 10). 

 

Figure 10. Schematic overview of computational analysis pipeline and major findings. CRC datasets 

derived from newly generated core-clock KO cells, and publicly available datasets from TCGA (COAD 

cohort) and a cohort of IPD patients (87) and controls were analyzed. HCT116WT cells were KO using 

CRISPR/Cas9 methodology targeting ARNTL, PER2 and NR1D1, and sequenced with RNA-seq 

(accession no: E-MTAB-9701). In parallel, a computational analysis was carried out for IPD datasets 

(accession no: GSE99039). A survival analysis was then performed for the short-listed genes based on the 

changes in the both datasets and validated in TCGA-COAD dataset (TCGA-COAD HiSeq 2000, available 

at https://portal.gdc.cancer.gov). (Figure modified from Yalçin, M., Malhan, D., Basti, A., Peralta, A. R., 

https://portal.gdc.cancer.gov/
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Ferreira, J. J., & Relógio, A. (2021). A Computational Analysis in a Cohort of Parkinson's Disease Patients 

and Clock-Modified Colorectal Cancer Cells Reveals Common Expression Alterations in Clock-Regulated 

Genes. Cancers, refer to Graphical Abstract in the publication (91)). 

5.2. Limitations of the study 

The internal validity of our study was based on the careful design of our study 

methodology. Despite the lack of biological replicates in our in vitro CRC model (RNA-

seq time series data), we were able to circumvent this limitation by collecting data over 

two circadian cycles, which increases the robustness of the data and can be considered 

as biological replicates. This design was also found valid as gold standard for circadian 

gene expression studies (137).  Although in vivo experimental data in mice could have 

further strengthened the study, we did not work with animal models in the scope of this 

thesis. The translation of the results from nocturnal mice to diurnal human patients also 

requires additional adjustments and may be limited (138, 139). Thus, we intend to validate 

changes in the circadian expression profile of candidate genes from the pre-selected 

pathways identified in this thesis in future human cancer studies (140). 

The generalizability of our study results may be limited to the population of IPD 

patients that we studied, and it is possible that our results may not apply to other 

populations with different genetic backgrounds or clinical characteristics. However, our 

study methodology was based on rigorous statistical analyses and differential expression 

analyses, which allowed us to make confident conclusions about the gene expression 

profiles in the IPD cohort that we studied. Although brain is the primary affected area in 

context of PD, blood datasets are particularly useful due to easy accessibility compared 

to brain tissue. Additionally, studies have shown that changes in gene expression patterns 

can be detected in blood samples of individuals with PD, providing a valuable tool for 

disease diagnosis and monitoring (141-143). Yet, as neither the timing of blood sample 

collection nor a time series dataset was available for IPD dataset, a circadian analysis 

could not be performed. Although computational approaches such as ZeitZeiger (144) or 

CYCLOPS (145) are available to model the high-dimensional datasets to predict a 

periodic variable such as time of the day, due to lack of available date and time 

information for samples, we could not use the IPD cohort as a training dataset to predict 

such features. Nonetheless, we conducted a differential expression analysis in both CRC 

and IPD datasets to identify changes in the mean expression levels. Furthermore, we 

examined the rhythmic expression of pre-selected genes of interest resulting from the 

IPD datasets in our time-course CRC data. Despite these limitations, our study results 
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provide valuable insights into the circadian regulation of cancer and neurodegeneration-

associated pathways and delivers valuable insights for future research into the molecular 

signatures underlying these pathologies. 

5.3. Conclusion and perspectives 

The molecular crosstalk between circadian dysfunction and mechanisms 

underlying cancer and neurodegeneration are just starting to be revealed. Our results 

shed light on the similarities and differences in the transcriptional changes of genes 

associated with both pathologies, which lead to distinct outcomes when specific core-

clock genes are perturbed. The observed changes in cellular pathways may have 

prognostic implications for clinical outcomes such as overall survival of colon cancer 

patients. Taken together findings of this study highlight a role for the circadian regulation 

of the molecular pathways associated with cancer and ND in IPD patients and core-clock 

KO CRC cells. Additionally, further research is necessary to investigate the role of 

circadian regulation in different cancer types and forms of PD. In the future, generation of 

time-series data in context of such pathologies would allow to identify molecular 

signatures for prognostic and diagnostic purposes, while considering the circadian profile 

of disease-associated genes. It is worth noting that patient stratification based on factors, 

such as sex and stage, may influence the study outcome as shown by our results. The 

patients' circadian rhythm is a relevant, but often neglected trait that should be considered 

in future studies, imposing the development of innovative non-invasive approaches for its 

accurate assessment to bridge the gap between the number of circadian studies and 

clinical trials to promote arrival of circadian medicine into the clinics. 
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Figure S1. Heatmap of ECCN genes in HCT116 cells.  ECCN genes that were differentially expressed in at 

least one of the Knock Out (KO) cells compared to HCT116WT cells are depicted in the heatmap. KO genes 

(ARNTL, PER2 and NR1D1) are depicted in bold. Clustering was performed using k-means clustering (k=4). 

Colour code scheme for standardized gene expression values (z-scores) are indicated in the heatmap colour key. 
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Figure S5. Biological processes associated w ith different ially  expressed genes in Idiopathic 

Parkinson’s Disease datasets.  Top 10 GO (Biological Processes) enriched in (A) IPD patients vs respective 

controls, (B) Female IPD patients vs respective  controls, (C) Male IPD patients vs respective controls. 
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Figure S9. Heatmap of top 100 different ially  expressed genes (sorted by  p-value) in males. The heatmap was clustered 

using WardD2 linkage and Euclidean distancing. Disease status of the samples denoted as orange for controls and green for 

patients. Colour code scheme for standardized gene expression values (z-scores) are indicated in the heatmap colour 

key. 
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Figure S13. Circadian expression profiles of genes of interest among the top 100 differentially expressed genes 

in the IPD cohort (without sex separation, top panel), in females (middle panel) and in males (bottom panel). 

Rhythmicity analysis was computed  considering 24h -period. Depicted  are significantly rhythmic genes (q < 0.05 

and  relative amplitude ≥ 0.1) plotted  using a harmonic regression fitting (full lines) whereas non -significantly 

rhythmic genes were represented  with LOESS (dashed  lines) (see Figure S2 for similar analysis in SW480 and 

SW620 cells). 
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Figure S15. Survival curves of short -list ed genes associated w ith pat ient  survival. Kaplan Meier survival curves for 

genes found to be common in our analysis and genes associated with patient survival in TCGA COAD cohort. The patient 

cohort was separated into two groups based on the mean gene expression level as high and low expression group and a 

subsequent comparison of survival time (in days) was performed. Stage stratified q-values for the survival analysis with cox-

regression yielded the results: FAM50B : q = 0.312 ; FES : q = 0.1 ; SPON2 : q = 0.143 ; TRAP1 : q= 0.042 
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