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Abstract

Epidemiological studies provide evidence that workers who perform chronic night shift work are
at significantly higher risk of a number of severe disease states including cancer. The perturbed
activity/rest and feeding/fasting cycles, which occurs in persons performing shift work or who
are subjected to jet lag, disrupt our normal 24- hour internal clock or circadian rhythm. The
molecular mechanisms that link chronic circadian disruption to disease are not well understood.
Since light exposure at night is known to decrease melatonin levels, some researchers have
hypothesized that a reduction in the nocturnal levels of this pineal hormone predisposes
individuals to disease. Animals that displayed atypical behaviours in their daily cycles, led to the
identification of eight-key clock or circadian genes that are differentially expressed during the
day and which determine normal internal timing. The expression of these genes was abnormal in
a large number of human tumors including breast cancer. In this study, a temperature shift
model was characterized and used as a means to synchronize the expression of these clock genes
in a human breast cancer cell line. The model was compared to another cell synchronization
protocol which utilizes serum shock and which showed differences in gene expression and cell
cycle regulation between the two protocols. The temperature shift model was then used to study
the impact of melatonin on clock gene expression and on the production of reactive oxygen
species (ROS) in cells exposed to chemotherapeutic drugs. Melatonin influenced the cell cycle
but did not cause significant differences in clock gene expression. Chemotherapeutic drugs
differed in their effects on the production of intracellular ROS. A mitochondrial deficient (Rhø)
cell line which exhibited impaired oxidative phosphorylation, was developed from MCF-7 cells.
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The profile of clock gene expression in Rhø cells that were also subjected to the temperature shift
protocol was different than that of the parental MCF-7 line. This suggests that impairment of
mitochondrial function disrupts clock gene expression and may be a link to the oncogenic
transformation of cells.

Keywords
Circadian disruption, Clock gene expression, Circadian cycle, Melatonin, Reactive Oxygen
Species, Breast Cancer, Mitochondria, Oxidative Phosphorylation, Rhø cell
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Chapter 1
Chapter 1 Introduction
1.1 Biological rhythms
Nature is exhibits biological rhythms. There are annual cycles such as the orbiting of the
earth around the sun; seasonal as evidenced by plant growth and the breeding cycles of animals;
monthly lunar cycles; and, daily cycles, described as circadian from the latin; circa – around,
diem – day that are organized by the earth’s rotation on its own axis (Savvidis and Koutsilieris
2012). The primary driver of the circadian cycle is the light /dark cycle of the environment
which imposes various cycles upon the organism including, behavioural manifestations such as
activity/rest, feeding/fasting, and a large number of physiological processes that include blood
pressure, hormonal regulation, core temperature control, and immune cell diurnal variations
(Eclosion 2008). Evolution has prepared for a circadian response to anticipated environmental
cues through complex regulatory systems and through on-demand mechanisms related to
metabolism and movement (Takahashi 2017) (Panda, Hogenesch, and Kay 2002). Almost all
organisms that have access to and can sense and process visible light are entrained or
synchronized to circadian rhythms with light serving as the primary zeitgeber; a German
language-derived word that translates as – time giver or external environmental cue (OlivaRamírez et al. 2014). The central organizing principle in the mammalian model refers to the
processing of light cues by specialized retinal cells that project to a portion of the brain, called
the suprachiasmatic nucleus (SCN), a paired structure in the ventral hypothalamus, which is
responsible for coordinating daily body rhythms (Takahashi 2017).

1

There are three defining features of a circadian rhythm. First it must be maintained by
the organism despite fluctuations in external temperature; a feature called temperature
compensation; secondly, they are free-running, meaning that when the organisms are moved
from the typical light/dark cycle to constant darkness, their behavioral and physiological cycles
persist; and, finally the cycle must be entrainable or able to be synchronized (Wever 1986) .
Zebrafish and Drosophila sp., both translucent organisms, were used in early experiments to
establish these fundamental principles (Ben-Moshe, Foulkes, and Gothilf 2014). The
mechanistic model by which organisms manage to organize themselves around a fairly precise
24 hour period was established in Drosophila sp. (Panda, Hogenesch, and Kay 2002), for which
the researchers, Jeffrey Hall, Michael Rosbach and Michael Young received the Nobel prize for
Physiology or Medicine in 2017 (Van Laake, Luscher and Young 2018).

1.2 Circadian organization and clock gene expression
There has been a rapid translation of the molecular framework which governs the 24 hour
internal clock from the fruit fly to mammals, illustrating the important underlying principles of
how well these mechanisms are evolutionarily preserved (Takahashi 2017). The regulatory
basis of the circadian rhythm consists of a transcriptional – translational feedback loop (TTFL)
involving a positive arm controlled by two transcription factors (reviewed in
Papagiannakopoulos et al. 2016), Circadian Locomotor Output Cycles Kaput (CLOCK (King et
al. 1997, or Neuronal Protein domain shared by PER, ARNT and SIM (NPAS)(Shearman et al.
1997) in brain tissue) and Brain and Muscle Aryl Hydrocarbon Receptor Nuclear Translocatorlike (Arntl, also known as BMAL1(Bunger et al. 2000). CLOCK and BMAL1 heterodimerize
and bind to specific elements in the promoter regions of their target genes, identified as E boxes
(Panda, Hogenesch, and Kay 2002). In mammals, the primary targets of the circadian regulatory
2

transcription factors, CLOCK:BMAL, are the period (PER) and cryptochrome (CRY) genes.
Increased levels of the protein products of PER and CRY accumulate in the cytoplasm, form
heterodimers, and then translocate to the nucleus where they can repress their own transcription
representing the negative arm of the TTFL (Papagiannakopoulos et al. 2016). The core circadian
clock genes are identified as CLOCK, BMAL, PER1, PER2, PER3, CRY1, and CRY2 in
mammals (Takahashi 2017). There is a secondary loop that also appears to be essential in
maintaining a 24 hour clock that involves two orphan nuclear receptors, REV-ERBα and a
retinoid orphan receptor (ROR) α, β, γ which binds to the ROR gene promoter elements (RORE)
(Zhao et al. 2014). BMAL contains RORE elements and REV-ERBα inhibits BMAL
transcription (Preitner et al. 2002) while RORα binding activates BMAL expression (Zhao et al.
2014).
The observation of arrhythmic behaviour in Drosophila sp. was the key that unlocked the
discovery of mutations in the PER genes that were responsible for the loss of circadian activity
(Panda, Hogenesch, and Kay 2002). Adult Drosophila sp. display consistent behaviours from
their early morning exit from the pupal cocoon (eclosion) to the diurnal rhythm of daytime
activity and night time rest such that mutations in the PER gene resulted in completely aberrant
eclosion and locomotor activity or an altered day period length (Hyuk et al. 2007). A similar
observation was made in the Syrian hamster which exhibited a shortened circadian cycle and that
led to the discovery of the tau mutation, a gain of function mutation in casein kinase 1δ, which
phosphorylates the PER proteins and promotes their early degradation (Loudon et al. 2007). The
other post translational modification that is important in the temporal regulation of the PER and
CRY proteins is their degradation by ubiquitination due to tagging by E3 ligases (Takahashi
2017). In people, mutations in the PER2 genes are associated with familial advanced sleep
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phase syndrome (FAPS) (Panda, Hogenesch, and Kay 2002) and variants in the clock genes are
important determinants of chronotype, or what makes a person a "lark" versus a "night owl"
(Jones et al. 2019).
SCN cells continue to generate circadian oscillations in cell culture for sustained periods
of time (Panda, Hogenesch, and Kay 2002). Non-neuronal cells isolated from peripheral tissues
are also able to maintain circadian cycles independently of the SCN (Balsalobre, Damiola, and
Schibler 1998). The molecular TTFL loops that regulate the 24 hour rhythm centrally in the
SCN are replicated in peripheral cells (Takahashi 2017). It is thought that the central hierarchy
of the circadian rhythm controlled by the SCN pacemaker is able to regulate systemic functions
such as activity and feeding by coordinating hormone and sympathetic nervous system outputs
(Potter et al. 2016). However, peripheral circadian oscillators are not always subservient to
central regulation and can be reset in tissue-specific ways: for example, food intake presents a
powerful synchronizer (Mendoza 2007). Glucocorticoid hormones, both endogenous and
exogenous, are also powerful peripheral synchronizers but do not appear to influence the SCN
due to a lack of local glucocorticoid receptors in the SCN (Cuesta, Cermakian, and Boivin 2015).
Transcriptome analysis reveals that up to 40% of peripheral cells oscillate in a circadian manner
but that the distribution of gene expression is very tissue-specific such that the genes that
oscillate tandemly in the liver are different from those that oscillate in cardiac tissue (Zhang et
al. 2014). Some of the clock-controlled genes contain E boxes and therefore are direct targets of
CLOCK:BMAL while others contain RORE elements and a third group, such as the D albumen
binding protein (DBP), exhibit D boxes in their promoters that are targets of the core clock genes
(Takahashi 2017).
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DNA microarray analysis of the cell’s transcriptome shows that the expression of specific
circadian-regulated control genes is of core importance to the molecular framework that
regulates circadian rhythms in either central or organ-specific tissues. Post transcriptional
modifications of the core clock genes, including alternative splicing and mRNA nuclear export,
are also under circadian influence (Preubner and Heyd 2016). PER2 protein translation is
regulated by miRNA binding to the 3’-UTR and genetic modifications to the 3’-UTR of the
PER2 gene in mice changes the length of their circadian cycle (Yoo et al. 2017). Protein
degradation of PER and CRY through the casein kinase 1δ- or the ubiquitin-mediated
degradation pathways are also key in maintaining tight timing control while phosphorylation and
dephosphorylation by other kinases and phosphatases imparts additional post-translational
modifications in a tissue-specific manner (Gallego and Virshup 2007).

1.3 Animal models and experiments involving disruption of circadian influence
Unravelling the impact of circadian dysregulation on animal health has involved
experiments on SCN-lesioned animals, animals with a pinealectomy, animals exposed to
manipulated light: dark (L:D) schedules, and clock gene knock-out, knock-in, and mutated
models. To begin with the hierarchal arrangement, SCN-lesioned mice that were subsequently
implanted with pancreatic adenocarcinoma or osteosarcoma cells demonstrated significantly
quicker mortality, increased tumor growth, and body temperature dysregulation (Filipski et al.
2002). Pinealectomized Spraque- Dawley rats were significantly more likely to develop
mammary tumors in a chemically-induced breast cancer model than rats with intact pineal
glands. Melatonin injection reduced the risk of cancer development in pinealectomized mice
slightly and those animals that had intact pineal glands and received exogenous melatonin, had
the lowest incidence of tumor development (Tamarkin et al. 1981). Manipulating the L:D cycle
5

to establish a model of shift work or chronic circadian rhythm disruption (CRD) in cancer-prone
p53-/- mutant mice, resulted in the CRD mice developing tumors earlier than controls, gaining
significantly more weight, and having significantly different corticosterone hormone secretion
patterns (Van Dycke et al. 2015). In a sophisticated series of experiments involving a
genetically engineered mouse model of lung adenocarcinoma, mice subjected to a jet lag
schedule of altered L:D cycles had an increased incidence of lung tumors, more rapid tumor
progression, loss of BMAL- and PER2-increased tumor progression, and increased c-MYC
expression in the tumors (Papagiannakopoulos et al. 2016). There appears to be quite a bit of
redundancy within the network of genes that organize the circadian rhythm. While a deficiency
or mutation in a single clock gene in mutant mice may demonstrate some altered rhythm activity
or may increase the tendency to metabolic syndrome, there is no evidence that severe overt
disease or lethality results unless there are double knock outs (Takahashi et al. 2008). However,
Per2 mutant (m/m) mice are more prone to cancer after radiation exposure, their thymocytes
demonstrated altered p53 expression, and their liver cells expressed increased levels of c-Myc
and cyclin D1 (Fu et al. 2002). Other than Per2 (m/m), it does not appear that clock gene
mutations or a loss of gene function results in increased tumor initiation and progression, but
rather these mutations may increase the risks of carcinogenesis which are related to hormone or
nervous system influence and/or lifestyle and environmental exposure.

1.4 Circadian rhythm disruption and disease: Epidemiological evidence
The evidence that circadian rhythm disturbance (CRD) contributes to an increased risk of
disease, including metabolic syndrome and cancer, is derived from numerous epidemiological
reports particularly those involving shift workers (Schernhammer et al. 2001)(Hansen and
Stevens 2012)(Grundy et al. 2013)(Papantoniou et al. 2015)(Salamanca-Fernández et al. 2018).
6

Known human clock gene mutations are not usually associated with increased cancer risk but
rather are associated with sleep disorders (Rijo-Ferreira and Takahashi 2019) (Patke et al. 2017).
A genetic variant in PER3 appears to predispose people to mood disorders (Zhang et al. 2016).
People with specific variations in clock genes suggest a mechanism that predicts chronotype or
preferred time of day for rising and activity (Jones et al. 2019). Chronotype may pose an
increased risk for cancer in night shift workers but this could be due to a lifestyle choice based
on individual preference (Papantoniou et al. 2015). The impact of CRD on cancer incidence in
people with a corresponding lack of a circadian gene mutation has increased the probability that
epigenetic factors provide a link (Masri, Kinouchi, and Sassone-Corsi 2015).
Clock gene expression is abnormal in the breast tumor tissues of women, where the
expression of BMAL, PER1, and PER2 are down-regulated compared to normal tissues
(Broadberry et al. 2018)(Winter et al. 2007). The loss of clock gene expression is correlated
with prognosis for patients with cancer, with those women whose tumors express the lowest
levels of clock gene expression doing poorly (Cadenas et al. 2014). All of the core clock genes
are under-expressed in human pancreatic cancer tissue according to one study (Relles et al.
2013). PER2 is under-expressed in human non-small cell lung cancer tissue (Xiang et al. 2018).
The clock genes PER1, PER2, and CRY2 are down-regulated in liver and ovarian tumors but
CRY1 is up-regulated in cancerous ovarian tissue (Tokunaga et al. 2008)(Lin et al. 2008). Clock
gene expression is disordered in a wide variety of human cancerous tissues.
Women with hormone-positive breast cancer have lower night time circulating melatonin
levels (Tamarkin et al. 1982). Exposure to even low intensity light early in the night phase
decreases plasma melatonin levels in women and men (Zeitzer et al. 2000). Observations
similar to these, combined with epidemiological evidence, helped to generate the melatonin
7

hypothesis; this hypothesis states that the predisposition to carcinogenesis seen in shift workers
is due to the disrupted melatonin levels (Stevens and Davis 1996). Plasma melatonin levels are
lower in individuals who are awake during their night shift as compared to individuals who are
asleep at night. Further, night work may increase oxidative stress damage to DNA (Bhatti et al.
2017). Since the development of the melatonin hypothesis, the interest in circadian biology has
increased because, although the mechanistic links between human disease and CRD have not yet
been established, there are suggestions that the tumor clock could be a viable therapeutic target
(Kiessling and Cermakian 2017).

1.5 Circadian and cell cycles
The process by which the cells grow, divide, and replicate is called the cell cycle ( Feillet
et al. 2015). From a temporal perspective alone, it is tempting to view circadian and cell cycles
as explicitly connected given that they have approximately the same 24 hour length at least in
actively proliferating cells. Both cycles also display oscillating cycles and cancer cells display
abnormalities in both the cell cycle (cell proliferation) and in the circadian cycle (clock gene
expression) ( Feillet et al. 2015). The cell cycle in divided into four phases: DNA replication
occurs in the S phase; mitosis and cytokinesis occur in M phase; and, these are separated by two
growth phases G1 which proceeds S; and, G2 which proceeds M (Duronio and Xiong 2013).
Progression through the cell cycle is highly regulated and requires the coordinated activation of
cyclin dependent kinases (CdK) and cyclins, of which there are several in mammalian cells. The
levels of cyclin protein depend on the balance between transcriptional activity and degradation
through the ubiquitin-dependent pathway (Satyanarayana and Kaldis 2009). Cyclin levels rise
and fall throughout the cell cycle such that different subtypes and their CdK partners are
associated with a particular phase of the cell cycle: for example Cyclin D and CDK 4/6 are
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associated with the G1 phase of the cell cycle and are involved in the transition to the S phase
(Malumbres 2014). Cdks are regulated in part by CdK inhibitors (CKI) comprised of two
families; the Cip/Kp branch which includes p21cip1 and the Ink4 group (Lim and Kaldis 2013).
The Cdks are also inhibited by phosphorylation of a regulatory site by the Wee1 kinase which
inactivates them while dephosphorylation by Cdc25 activates them (Malumbres 2014).
Additionally there is oversight in the form of two cell cycle "check points", the first is more
formally referred to as the G1 restriction point because once the cell is past this, it is committed
to entry to the S phase (Blagosklonny and Pardee 2002). The G1 restriction point is controlled by
the retinoblastoma protein (pRB) which exists in a hypophosphorylated form in quiescent cells
and in this form suppresses the transcriptional activity of E2F genes, whose targets are required
for progression into the S phase (Duronio and Xiong 2013). The second check point occurs in
the late G2/M transition and involves a number of factors including cell size and mitotic spindle
readiness as well as a dynamic network of protein interactions (Barnum and O’Connell 2014).
The tumor suppressor p53 also regulates the cell cycle particularly when stressors including
DNA damage are present, through CKI gene transcription, including p21 (Duronio and Xiong
2013). A number of parallels can be observed when comparing the peak levels of mRNA
transcripts for the clock genes and for the cyclins or p53 and it has been shown that silencing of
the transcription factors BMAL or CLOCK, using small interfering RNAs (siRNA), lengthens
the cell cycle (Farshadi et al. 2019). The Myc gene (c-Myc) has a number of influences on cell
cycle progression as its expression causes the cells to exit quiescence and enter into the cell
cycle, it inhibits the transcription of regulators such as the p21 and E2F transcriptions factors,
and cyclins and Cdks are all targets of c-Myc (Bretones, Delgado, and León 2015). The Myc
pathway signaling is over-expressed in a wide variety of human malignancies (Sanchez-Vega et
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al. 2018). Increased c-Myc expression is observed in tumors which show down-regulated levels
of PER2 (Papagiannakopoulos et al. 2016).

1.6 Research perspectives and aims
It is important to recognize the perspective of the circadian cycle that is derived from a
molecular biology background. The primary and secondary control of clock gene expression at
the cellular level and the hierarchal level of organization has largely been elucidated. The
described circuit of transcriptional translation feedback loops of core clock genes (TTFL) drives
the internal timing of the organism with extraordinary daily precision (Pilorz et al. 2020).
Molecular science has derived the central model of cell signaling as the response to cell
membrane receptor engagement by a ligand, intracellular signaling through primary and
secondary messengers, with nuclear translocation and subsequent changes in gene expression by
which the cell adapts to the environment or dies. It is important to appreciate that subtle changes
in the cell’s environment such as nutrient availability and ambient temperature can impact cell
responses. Other components implicated in circadian regulation such as melatonin which has
receptor and non-receptor pathways of influence and the subcellular organelle, mitochondria,
which contributes to energetics and apoptosis may not fit the central dogma exactly. Finally, the
secondary accessory TFFL involves nuclear receptors which themselves can influence
expression and repression of transcription factors. Research interest in the area of circadian
rhythm disruption has been increasing especially in the last decade and the field of publications
are very diverse, ranging from molecular genetics, biochemistry, and biophysics, to metabolism,
the nervous system, and behaviour. The relevance of such investigations cannot be disputed.
The field contributes to the knowledge and understanding of chronotherapy, xenobiotic and
pharmacological interactions, and pathophysiology ( Robinson and Reddy 2014). One way to
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organize the vast amount of information and investigation around the question, "how does
circadian rhythm disruption lead to disease?", is to create a set of principles. Therefore, the aims
of the project can broadly be thought of as:
Aim 1: To investigate the molecular changes that relate circadian disruption to diseases, such as
cancer, by establishing a model that influences clock gene expression in peripheral (cancer) cells
independent of central oscillators.
Aim 2: To investigate the molecular changes that relate circadian disruption to disease by
examining the role of melatonin on clock gene expression and cell cycle kinetics.
Aim 3: To investigate the molecular changes that relate circadian disruption to disease by
examining the role of mitochondria, reactive oxygen species (ROS) production, and cellular
redox status.
Aim 4: To investigate the molecular changes that relate circadian disruption to disease by
examining the role of perturbed energetics and cell metabolism on clock gene expression and cell
cycle kinetics.

1.7 Research objectives
Four objectives are linked to the aims.
Objective 1: Explore the interconnection between the cell cycle and circadian cycle. This
requires the interrogation of current protocols of cell synchronization including a temperature
shift model in order to characterize a model where clock gene expression can be independent of
cell cycle direction and has minimal dependence on pharmaceutical or hormone treatment.
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Objective 2: Explore the impact of melatonin on clock gene expression and the regulation of the
cell cycle independent of each other through use of the temperature shift model.
Objective 3: Determine the impact of drug and hormone exposure on cellular and mitochondrial
ROS production using the temperature shift model.
Objective 4: Determine the impact of mitochondrial oxidative phosphorylation impairment on
clock gene expression following development of an aberrant mitochondria cell line.

1.8 Overview of methodology and study limitations
The model selected for study has been exclusively performed in in vitro cell culture. The
rationale is two- fold. There already exists an extensive body of animal work, however, the
model is primarily in rodents which being nocturnal do not share equivalent human hormonal
output patterns. Melatonin secretion occurs at night for both rodents and humans but for mice
this represents the active period of their day. The second reason for in vitro work is that the focus
here is on cellular and molecular mechanisms relating to clock gene expression and it is easier to
control for the vast complexity of intracellular events in cell culture. Given that lifestyle, both in
the choice of occupation, the social shift toward working and recreating past twilight, and the
tendency to be connected to blue light-emitting technology at night, mean that the epigenetic
contributions to circadian rhythm in theory could be substantial (Filipski et al. 2005). This is
supported by the observations that CLOCK has histone acetyl transferase (HAT) action (Bellet
and Sassone-Corsi 2010), and that there is differential hypermethylation of the promoter regions
of the PER genes in breast cancer (Chen et al. 2005). While this study considers the contribution
of oxidative stress and energetics on circadian gene expression, it does not include examination
of other non -transcriptional factors such as cycling of the antioxidant system of peroxiredoxins
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(Robinson and Reddy 2014). The main limitation of these experiments lies in the collection time
limitation of 24 hours. This makes it difficult to define a circadian oscillation per se but the
model is not limited in those terms and the time point collections have the potential to be carried
out over longer periods of time, limited only by the researchers’ endurance; whereas in other
protocols, oscillation dampen out by 48 – 72 hours (Balsalobre et al. 1998)(Rossetti et al.
2012)(Lellupitiyage Don et al. 2019). As clock gene transcripts have been characterized in a
large number of breast cancer and epithelial cell lines (Xiang et al. 2012)(Gutiérrez-Monreal et
al. 2016)(Lellupitiyage Don et al. 2019), our study focuses on the gene expression by MCF-7
cells in response to exposure to the temperature shift model. While other cell lines have been
incorporated into portions of this body of work, it is important to remember that the bulk of the
results presented relate to the response of a particular cell line of human breast cancer. The
characteristics of this cell line include: being an immortalized cell line derived from the pleural
effusion of a woman with a breast adenocarcinoma (Lee, Oesterreich, and Davidson 2015), being
estrogen receptor (ER) α positive, exhibiting anchorage-independent growth in a semi-solid
medium, and in the presence of estradiol, being tumorigenic and invasive (Rossetti et al. 2012).
The rationale for choosing the MCF-7 cell line is to build on recent evidence from investigations
of circadian disruption and clock gene expression in breast cancer cell lines (Lellupitiyage Don
et al. 2019)(Gutiérrez-Monreal et al. 2016)(Rossetti et al. 2012) and to involve a representative
cell culture model that closely reflects the human epidemiological evidence. Although the
results of some experiments using the non-neoplastic line of breast epithelial cells, HBL-100s,
are presented and discussed, it would have been ideal to measure the effects of the temperature
shift model in the non-neoplastic MCF-10A breast epithelial cell line in order to compare the
results other studies (Gutiérrez-Monreal et al. 2016)(Rossetti et al. 2012). Another potential
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limitation of the study is the ability to replicate some experiments given the technical expertise
required such as fluorescent microscopy, RT-qPCR and the establishment of a Rhø cell line.
Therefore, the variability of some results from a statistical point of view alone presented a
challenge for analysis. At the end of the day, the emphasis has to be on the understanding that by
their very nature, clock gene expression is temporally related and in the context of comparing
results, it is also tissue-specific (Panda et al. 2002).

1.9 Thesis statement
One hypothesis about the etiology of the various diseases associated with circadian
rhythm disruption is that there is a loss of synchronicity between the central and peripheral
oscillators (Arble et al. 2009). The other hypothesis is related to the loss of melatonin regulation
associated with light at night (Khan et al. 2019). The central pacemaker, the SCN, is primarily
entrained by light: dark cycles but peripheral oscillators are impacted by a wide variety of stimuli
including food, hormones, inflammation, hypoxia, oxidative stress, and temperature (Xie et al.
2019). Gene expression appears to be highly circadian-dependent (Lucassen et al. 2016). It is
difficult to separate different variables related to peripheral oscillator regulation in an in vivo
model, not only because of the SCN hierarchy but because behaviours, such as feeding, impact
core body temperature and hormone secretion (Arble et al. 2009). The central question becomes,
does circadian rhythm disruption directly lead to genomic instability, which predisposes to
oncogenesis and what is the molecular mechanism? In order to address this question, an in vitro
system using ERα-positive breast cancer cells are used partly because the model has been well
characterized and partly due to the established relationship between breast cancer risk and night
shift work. It is proposed that a novel temperature shift model be applied to the growth, cell
cycle, gene expression, drug metabolism, and reactive oxygen species production aspects of
14

human ERα-positive breast cancer cells. The current body of research suggests that individuals
with circadian gene mutations are not particularly cancer prone and that clock gene mutations
within a wide variety of human tumors have been well characterized. Shift workers are
predisposed to metabolic syndrome and mice fed at the wrong time of day, gain weight
suggesting a relationship between clock regulation and metabolism (Garaulet and GómezAbellán 2014). A second novel approach is to utilize MCF-7 cells and impair their
mitochondrial DNA (mtDNA) and study the effect on circadian gene expression. It is predicted
that a temperature shift protocol will increase clock gene expression in MCF-7 cells and part of
this mechanism is due to oxidative stress such that if oxidative phosphorylation is disrupted,
circadian gene expression becomes dysregulated.
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Chapter 2
Chapter 2 A Temperature Shift Model to Study Clock Gene Expression
in Cell Culture
2.1 Introduction
Cells in culture are assumed to be an unsynchronized population (Jackman and O’Connor
1998). Various protocols have been used to synchronize and manipulate cells in order to obtain
sufficient quantities of products for reliable assays or to study various aspects of cell growth and
metabolism. Many methodologies use drugs or chemicals such as hydroxyurea or thymidine to
arrest cells at specific phases of the cell cycle (Rieder and Cole 2002) (Harper 2005). Cold
shock, where cells are exposed to low temperature conditions (30° C) for several hours, results
in cells progressing through the cell cycle but more slowly due to G1/S arrest (Enninga et al.
1984). Different cell lines exhibit differing sensitivities and kinetics to cold shock (Rieder and
Cole 2002). While the specific mechanisms involved in the impact of cold stress on cell growth
and metabolism have not been fully elucidated, the pharmaceutical industry has exploited the
fact that some cell lines have improved recombinant protein yields when cultured at subphysiologic temperatures (Al-Fageeh et al. 2006). The use of more subtle temperature changes
have also been demonstrated to act as a peripheral zeitgeber for circadian oscillators (Buhr, Yoo,
and Takahashi 2010) (Brown et al. 2002). The intact SCN is not impacted by temperature
change, perhaps due to specific aspects of their electrical physiology, whereas the mechanism for
peripheral oscillators may be mediated through the heat shock factor 1 (HSF-1) pathway (Buhr,
Yoo, and Takahashi 2010). Contact inhibition, centrifugal elutriation, and serum deprivation are
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considered other drug- and chemical-free means of cell – cycle synchronization in mammalian
cell culture (Davis, Ho, and Dowdy 2001).
The idea that peripheral clocks could be studied independently in a cell culture model
was first described using a serum shock model where synchronization of circadian oscillation of
clock genes was induced in rat fibroblasts and hepatoma cells (Balsalobre, Damiola, and Schibler
1998). In these experiments, the serum content of the media was changed from a low
concentration (5% for 6-7 days) to 50% for a minimum of two hours which promoted almost
synchronous entry into the circadian cycle and synchronous expression of many clock and clockcontrolled genes (Balsalobre, Damiola, and Schibler 1998). Subsequent to this, it was
demonstrated that various drugs or chemicals such as dexamethasone, calcimycin, phorbol 12myristate 13- acetate (PMA), or forskolin could induce expression of PER1 but not PER2
(Balsalobre et al. 2000). Cell synchronization protocols have frequently been used in human
breast cancer cell lines where the expression levels of the clock genes appear to be endogenously
low but when the cells are synchronized in the circadian cycle the proportion of cells that express
clock genes as measured by mRNA transcripts and/or protein expression is increased allowing
detection by current methods (Lellupitiyage Don et al. 2019)(Gutiérrez-Monreal et al.
2016)(Rossetti et al. 2012). In addition, some cell lines such as the mouse melanoma B16, can be
induced to express latent circadian rhythms using dexamethasone (Kiessling et al. 2017).
Clock genes are abnormally expressed in breast cancer tissues (Lesicka et al.
2019)(Lesicka et al. 2018)(Winter et al. 2007)(Chen et al. 2005). Although it can be challenging
to demonstrate detectable levels of these transcripts in breast tumors, CLOCK is upregulated in
tumor tissue as compared to adjacent non-neoplastic tissue and PER1, PER2, and CRY2 are
down-regulated (Lesicka et al. 2018). PER1 and PER2 display altered gene expression in both
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familial and sporadic breast cancers (Winter et al. 2007). Some evidence indicates that clock
gene polymorphisms can be detected in breast cancer patients and that mutations in CRY2,
PER1, and PER2 are associated with an increased cancer risk; notably mutations in PER2 are
associated with cancer risk in hormone-positive patients (Lesicka et al. 2019). Other research
has demonstrated abnormalities in the circadian expression of PER1 and PER2 in cancerous
breast tissue that are the result of hypermethylation of their promoter regions; a change more
associated with epigenetic influence on gene expression (Chen et al. 2005).
Occupational and life style choices, including shift work and the frequent passage across
multiple time zones due to air travel, could contribute to the non-genetic factors that affect
circadian regulation including glucocorticoid hormone influences (Kiessling, Eichele, and Oster
2010). Rodents that experience feeding restricted to their non-active period experience out of
phase desynchrony between the peripheral circadian oscillators of the liver and the SCN
(Damiola et al. 2000). It has been postulated that chronic dissociation of the peripheral
oscillators from the central clock leads to disease ( Robinson and Reddy 2014). In a mouse
model of jet lag, desynchrony between the central and peripheral oscillators was demonstrated
and while treatment with glucocorticoids can partially reset peripheral clocks, the response is
highly tissue-specific (Kiessling, Eichele, and Oster 2010).
An increase in clock gene expression in response to serum shock synchronization has
been demonstrated to decrease the proliferation of breast cancer cells in culture (Rossetti et al.
2012). Dexamethasone exposure increases circadian expression of clock genes in B16-BL6
mouse melanoma cells and decreases cell growth (Kiessling et al. 2017). These authors,
(Kiessling et al. 2017) also demonstrated that the S phase of the cell cycle was shortened by
dexamethasone treatment and that some of the genes that control cell cycle regulators were
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expressed at increased levels. However, it is not clear whether this is an independent effect on
the cell cycle mediated by glucocorticoid receptors or whether it is a consequence of the
improved circadian gene expression.
Per2 mutant (m/m) mice are at risk of developing tumors before 6 months of age (Fu et
al. 2002). Mice that lack a functional PER2 due to a mutation or to a knock-out of BMAL are at
increased risk of lung cancer (Papagiannakopoulos et al. 2016). These findings, plus the in vitro
experiments using MCF-7 cells where increased PER2 expression is associated with decreased
cell proliferation, decreased anchorage-independent growth, and increased apoptosis, support
the hypothesis that PER2 has tumor suppressor-like function (Xiang et al. 2008). This may be
secondary to some regulatory feature that PER2 exerts on p53 by protein-protein interaction
(Gotoh et al. 2016) or by having a stabilizing influence on its degradation (Gotoh et al. 2014).
The relationship seems bidirectional because p53 regulates the expression of PER2 through
competitive binding of the E-Box in the promoter region of PER2; the target of the
CLOCK:BMAL transcriptional activators of the positive arm of the TFFL (Miki et al. 2013). In
the canonical scheme of the core loop which drives the daily oscillations, it is the E-boxes of
PER 1-3 and CRY 1/2 that are the targets of CLOCK:BMAL (Pilorz et al. 2020). A large
percentage of the transcriptome oscillates in a circadian fashion (Li and Zhang 2015)(Zhang et
al. 2014) with 5-20% of tissue-specific transcripts displaying temporal circadian oscillation
(Takahashi 2017). The binding to E-box sites is thought to be one mechanism by which the core
clock genes regulate the expression of other genes such as albumin D-site binding protein (DBP)
which can also be regulated through binding to D-boxes and RORE elements (Ueda et al. 2005).
HSF-1, an important component of the heat shock response, has also been identified as a
circadian transcriptional activator (Reinke et al. 2008). Circadian regulation by transcriptome
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control is only one element in a vast and complex network of clock-influenced pathways
(Takahashi 2017).
Evidence of circadian influence on cell cycle kinetics has come from clock gene knockout mice and from time lapse studies in cultured cells. Comparing DNA microarray data from
wild type and CLOCK -/- mouse liver and skeletal tissue demonstrates that the CLOCK-/- tissue
has altered gene expression profiles particularly in genes that control the cell cycle and that
fibroblasts isolated from these mice exhibit slower cell proliferation rates (Miller et al. 2007).
Cry1,2 -/- deficient mice experience slower liver regeneration after partial hepatectomy which
seems to be due to the dysregulation of CLOCK:BMAL transcriptional control over the
antagonistic regulators of the G2/M checkpoint, WEE1 and Cdc25 (Matsuo et al. 2003). Per2
(m/m) mice demonstrate dysregulated cyclin D and cyclin A expression levels when compared to
the control cells and thymocytes isolated from the mutant mice were resistant to apoptosis after 
irradiation due to decreased levels of intracellular p53 (Fu et al. 2002). In a geneticallyengineered mouse model of lung adenocarcinoma, introducing additional Per2 (m/m) or BMAL /- mutations in the mice increased lung tumor severity and increased tumor burden when the
animals were placed on a L:D disrupted cycle while c-Myc expression was upregulated in their
tumor cells (Papagiannakopoulos et al. 2016). More direct evidence linking the circadian and
cell cycles is derived from in vitro experiments. Unsynchronized mouse fibroblasts (NIH 3T3
cells) were examined for both clock gene expression using a REV-ERBα:VENUS promoterreporter and for ubiquitination using a fluorescence – based cell cycle indicator (FUCCI). The
results of these studies demonstrated that the two cycles exhibited the same period length and
are phased locked with the expression of the reporter peaking 5 hours after cell division (Feillet
et al. 2014). The circadian cycle was affected by manipulating the cell cycle length and
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synchronization following treatment with dexamethasone which resulted in two populations of
cells; one still phase locked 1:1 and a second which demonstrated 3 cell cycles for every 2
circadian cycles (Feillet et al. 2014). Feillet et al. (2014) concluded that the connection between
circadian and cell cycles was bidirectional however when the circadian cycle is lengthened in the
same cell line using temperature differences, gene knock outs, or chemicals, the cell cycle
becomes synchronized, leading others to conclude that the influence is unidirectional (Bieler et
al. 2014). Synchronization of peripheral circadian oscillators as measured in liver cells by
feeding (in vivo models) or serum shock synchronization (in vitro) presents a dilemma in
adapting these models because hepatocytes are metabolically primed by food. For example,
simply meal feeding versus ad libitum food availability, slows down tumor progression in mice.
Therefore, increased cancer risk or risks of other diseases in response to night shift work, may
not only be a case of light at night exposure but may also result from changes in daily
eating/fasting habits indicating that feeding is a critical factor that must be controlled for in in
vivo experiments that involve the whole organism which is constituted by a wide variety of cell
types (Wu et al. 2004).
One of the body functions that shows changes that follow a daily rhythm are the
fluctuations in body temperature, therefore the use of temperature as a synchronization method
for mammalian has some theoretical basis (Albrecht and Eichele 2003). Cold shock has been
described for cell cycle synchronization but not for clock gene oscillation (Enninga et al. 1994).
The use of temperature pulses of 38.5° C applied to the tissues of Per2 Lucfierase mice, otherwise
maintained at 36° C, results in the resetting of peripheral clock genes (Buhr, Yoo, and Takahashi
2010). The circadian oscillation of body temperature has been validated in humans (Bailey and
Heitkemper 2000) and described in a number of other species (as reviewed by Refinetti 2010).
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The standard circadian laboratory reference for light: dark is described as intervals of 12-hour
lights on and 12-hour lights off and core body temperature appears to be synchronized to the day:
night cycle (as reviewed by Benstaali et al.2001). The purpose of the current study was to
investigate whether repetitive temperature shifting spanning intervals of 12 hours to correspond
to a circadian frequency, could result in the increased expression of clock genes in a cell culture
model.
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2.2 Materials and Methods
Cell culture
A human hormone responsive breast cancer cell line, MCF-7, a non-malignant human
breast epithelial cell line, HBL-100, and a murine melanoma cell line, B16-BL6 , all originally
obtained from the American Type Culture Collection (ATCC) were maintained in Hyclone
Debucco’s Modified Eagle Media (DMEM) with high glucose (GE Lifesciences®) and
supplemented with 10% fetal bovine serum (FBS) and 1% antibiotic and anti-mycotic Solution®
(A&A) (Fisher Scientific). The cells were maintained in a humidified environment at 37 o C and
5% CO2.
Experimental protocols
A circadian rhythm in the cultured cells was induced by treatment with the temperature
shift method. The temperature shift technique consisted of culturing cells for several days in an
oscillating temperature environment: cells were kept in the 37 o C environment from 09:00 to
21:00 and transferred to a humidified incubator maintained at 34 o C also supplemented with 5%
CO2 from 21:00 to 09:00. The number of consecutive days of temperature shifts is presented in
each aspect of the experiment. In addition, two other conditions were maintained for the
duration of the experiment; a control condition where the cells were maintained at 37 o C with no
shift, named control 37/37° C and a comparative condition where the cells were maintained at
34o C continuously, named comparative 34/34° C; with each condition kept in separate
humidified incubators and also supplemented with 5% CO2. Cells were seeded in 100 mm tissue
culture plates (100 mm diameter) at a dilution of 1:8 from a confluent parental plate on the first
day of the shift experiment. For each experiment, 9 separate plates were created for each
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condition, for a total of 27 plates. For most experiments, the cell cultures were shifted for 7
consecutive days and the cells harvested and collected on day 7 at nine different time points over
24 hours. Cells would typically reach confluence by day 4 and require reseeding (splitting).
Experiments were performed in triplicate.
The effect of the experimental conditions on cell proliferations was determined by cell
counting and viability assays. For cell counting, cells were seeded in 60 mm tissue culture plates
initially at 50,000 cells/plate for the MCF-7 and HBL-100 cell lines and 25,000 cells/plate for the
B16-BL6 line. Counts were done at approximately the same time of day for 5 consecutive days
using a hemocytometer after adding trypan blue stain.
Cell viability was measured using the 3-(4,5-dimethylthiazol-2-yl) -2,5 –
diphenyltetrazolium bromide assay (MTT). For each assay, 96 well plates were seeded at 2,000
cells/well in 200 μl media in triplicate and duplicate plates were allowed to grow under the
indicated culture conditions. The MTT assay was performed daily for 10 days using the lab
protocol; 10 μl of 5 mg/ml MTT was added to each well of the plate and then incubated at 37 o C
for 3 hours. Then, the media was removed and replaced with 100 μl of Dimethyl sulfoxide
(DMSO) to solubilize the produced formazan crystals. The plate wells were read at 540 nm
wavelength on a Synergy® H4 Hybrid plate reader (Biotek) using Gen 5, version 2.00 software.
Serum Shock
A circadian rhythm was induced in cultured cells using the serum shock protocol. MCF-7
cells were grown in cell culture as previously outlined and seeded on to 100 mm tissue culture
plates. After a minimum of 24 hours, the serum shock protocol, as previously described, was
followed (Balsalobre, Damiola, and Schibler 1998). The cell cultures were serum deprived for
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24 hours, and then serum shocked by treatment with 50% fetal bovine serum (FBS) for 2 hours.
The cultures were then washed with PBS, pH 7.4, and maintained in media containing 10% FBS
serum throughout the collection period. Cells were collected for flow cytometry analysis,
protein assays, or RNA isolation at different time points over 24 hours, as indicated.
Protein extraction and Western Blotting
The levels of circadian control proteins were determined by western blot analysis of
whole cell lysates. Cells were washed with ice cold PBS, pH 7.4, and the cells collected in 300 μl
of ice cold radioimmunoprecipitation assay (RIPA) buffer containing 150 mM sodium chloride,
15 mM phosphate buffer, pH 7.4, 1% Triton-x 100, 0.5% sodium dodecyl sulfate (SDS), 0.5%
sodium deoxycholate, 10 mM sodium fluoride (NaF), 10 mM sodium orthovanadate, and
protease inhibitor cocktail (Thermo Scientific TM PierceTM Protease Inhibitor Tablets). All
reagents were obtained from Fisher Scientific unless otherwise indicated. The whole cell lysate
was then collected using a plastic cell scraper. DNA and cellular cytoskeleton components in the
cell lysates were sheared by passage through a 22 gauge needle several times and then stored at 800 C. Protein quantification was done using the bicinchoninic acid (BCA) assay (Thermo
ScientificTM PierceTM BCA Protein Assay Kit) versus a bovine serum albumin standard curve
and read using a Synergy® H4 Hybrid plate reader (Biotek) using Gen 5, version 2.00 software.
Electrophoresis was conducted using 25 μg of protein loaded onto 15 % polyacrylamide gels
containing sodium dodecyl sulfate. After electrophoresis, the gels were transferred onto
nitrocellulose membranes using a semi-dry protein transfer apparatus and the protein transfer
was confirmed by Ponceau staining of the nitrocellulose membrane. The membranes were
blocked by incubation in 5% low fat milk or 5% Bovine Serum Albumin (BSA) in Tris-buffered
saline containing 0.1% Triton-20 (TBST), depending on the optimization protocol for the
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antibody, overnight at 40 C. Primary antibodies were incubated with the membranes in 5% low
fat milk or 1 % BSA in TBST at the dilutions listed below, overnight at 4 0 C. Secondary
antibody-horseradish peroxidase conjugates were incubated at a dilution of 1:10,000 in TBST for
2 hours at room temperature. Chemiluminescent detection using the Thermo Scientific TM
enhanced chemiluminescence (ECL) detection reagents was performed prior to membrane
exposure to radiographic film or detection using a Gel documentation system.
All antibodies were obtained from SantaCruz Biotechnology. Primary antibodies against
PER1 and PER2 were used at 1:500 dilutions in 5% low fat milk in TBST for blocking and for
primary and secondary antibodies. Primary antibodies against p21, cyclin A, cyclin D 1 and
cyclin E were used at a dilution of 1:200, cyclin B was used at a dilution of 1:100, and GAPDH
was used at a dilution of 1:2000 using 5% BSA in TBST for blocking and in 1% BSA in TBST
for the primary and secondary antibodies.
Flow cytometry for Cell Cycle Analysis
The DNA content of cells was determined by flow cytometry of propidium iodide-stained
cells. Cells monolayers were washed with room temperature PBS, pH 7.4, and harvested with
trypsin until detachment. The cells were collected by pipetting and placed in 1 ml Eppendorf
vials and collected by centrifugation at 2000 rpm for 5 minutes. The supernatant was discarded
and the cells resuspended in PBS, pH 7.4, and re-centrifuged. The remaining pellet was
collected after decanting the supernatant and the cells resuspended in 70% ethanol and
immediately stored at -200 C. Prior to analysis, the thawed samples were washed twice with
PBS, pH 7.4, and centrifuged each time at 1000 rpm for 5 minutes. A propidium iodide (PI)
stain solution, made up of 2 mg/ml propidium iodide and 100 μg/ml RNase, was added to a
resuspended sample in 500 μl of PBS at a ratio of 1:1. The cells were incubated for 2 hours and
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samples analyzed on a Cytomics FC 500 flow cytometer (Beckman Coulter). Images were
analyzed using the cytomics software and then transferred to the Paint® program from the
Beckman Coulter software.
Gene expression analysis using Reverse Transcriptase quantitative PCR (RT-qPCR)
The level of gene expression was determined using RT-qPCR of RNA purified from the
cell cultures. RNA was prepared from cells in 100 mm culture plates lysed in a fixed volume of
500 μl of denaturing solution containing 4 M guanidinium thiocyanate, 25 mM sodium citrate,
0.1% N- laurosylsarcosine, and 0.1 M 2-β-mercaptoethanol as outlined (Chomczynski and
Sacchi 2006). After immediate collection using a plastic cell scraper, the sample was stored at 800 C prior to RNA purification and solubilization using the phenol-chloroform extraction
technique as described. RNA quantification based on an OD260 was determined using a
spectrophotometer (Nanodrop®). A sample, corresponding to 100 ng of RNA was reverse
transcribed using the protocol from the Superscript IV Vilo Master Mix without ezDNAse
enzyme treatment as per Life Technologies®. Oligo-dT-primers were annealed at 25° C for 10
minutes and RNA reverse transcription allowed to proceed with incubation at 50° C for 10
minutes, and then the enzyme was inactivated for 5 minutes at 85° C using a thermocycler.
Clock gene ID Taqman® assays were obtained from Life Technologies®. For some genes, these
assays are inventoried and others were custom produced. The assay numbers are as listed:
PER1, Hs00242988_m1; PER2, Hs01007553_m1; CLOCK, Hs00231857_m1; BMAL
(ARNTL), Hs00154147_m1; CRY1, Hs00172734_m1; CRY2, HS00901393_m1; DBP,
Hs00609747_m1; GAPDH, Hs02786624_g1; NR1 D1, Hs00253876_m1; PPIA,
Hs04194521_s1; and, RPS17, Hs00734303_g1. Taqman® gene assays were performed using
the Agilent Aria MX thermocycler using 80 ng of cDNA/sample. The Thermo Fisher protocol
34

for the TaqMan® Fast Advanced Master Mix was followed which consisted of UNG incubation
for 1 cycle at 50° C for 2 minutes, enzyme activation for 1 cycle for 30 seconds at 95° C, and 40
cycles of alternating denaturing and annealing at 95° C for 1 second and 60° C for 20 seconds
respectively. As per the Taqman ® technical bulletin the amplification efficiency is assumed to
be 1 and a melting curve analysis is not completed due to regent consumption. Reference gene
validation was determined as described below. Gene expression was measured using the
2^ΔΔCT method in accordance with the Minimum Information for Publication of RT-qPCR
Experiments (MIQE) Guidelines (Bustin et al. 2009).
Reference Gene Selection and Validation
The Taqman® Human Endogenous Array Control Panel (Applied Biosystems®) was
used to identify suitable housekeeping or reference genes against which to compare the genes of
interest in both the experimental and control conditions. A 96 well plate is factory prepared with
32 previously identified reference genes. Samples of 3 different time points (0, 4, and 8 hours)
of experimental samples derived from an independent shift experiment were loaded into the
wells as described in the manufacturer’s protocol. The replicates were compared across all 32
reference genes. Two genes, RPS17 and PPIA, were selected as reference genes based on the
lowest coefficients of variation. These results are available in Appendix 1. The RPS17 gene
encodes for a subunit of ribosomal proteins. Peptidylprolyl Isomerase A (PPIA) is a coding gene
for a constituent cellular protein.
Relative ATP Luminescence
The level of adenosine triphosphate (ATP) present in the cells was detected using the
Luminescent ATP Detection Assay Kit®. The kit was purchased from Abcam and the protocol
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was followed as per the manufacturer’s instructions. Cells were seeded onto 96 well plates
which included three replicates for two different concentration of cells. Two plates were plated
for each condition. The plate outlay was as per the protocol recommendations with the exception
of two plates in the 34/34° C condition, where each plate had only 1 x 9 control replicates versus
2 replicates for the others. Temperature shift for the experimental plates commenced 48 hours
prior to assay. Assays were started at 13:00 or 01:00 and after preparation. The level of
luminescence following incubation of the lysed cells with luciferin and firefly luciferase where
the light emitted corresponds with the level of ATP present versus an ATP standard, was
measured using a Synergy® H4 Hybrid plate reader (Biotek) using Gen 5, version 2.00 software,
set for luminescent detection.
Statistical Analysis
SPSS ® statistical software (IBM) or GraphPad Prism 5.0 was used for statistical analysis
as indicated. The data was subjected to a normality test using the normality function within
GraphPad, and if appropriate, p<0.05, a one analysis of variance (ANOVA) was used to compare
groups with a post hoc Tukey test; otherwise Kruskal Wallis with a Dunn’s comparison of
groups as the post hoc was used. Unless otherwise stated, statistical significance was determined
as p<0.05. Error bars within graphs indicate standard error of the mean (SEM), unless otherwise
indicated.
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2.3 Results
The total daily cell counts for MCF7 cultured using the temperature shift protocol over 5
days are displayed in Figure 2.1.

*

37/37

Day
37/34 34/34

Figure 2.1. Comparison of daily cell counts of MCF-7 cells exposed to different temperature
shift conditions. MCF-7 cells were cultured in media and incubated at 37° C for 24 h/day (blue),
37° C from 09:00 - 21:00 h and 34° C from 21:00-09:00 h (brown), or 34° C for 24 h/day (grey).
Duplicate cultures were harvested each day for 5 days and trypan-blue stained cell suspensions
counted in quadruplicate using a hemocytometer (n=6, p<0.05).

The only statistically significant difference in cell numbers for MCF-7 cells was shown
for cells cultured at day 5 and between the control 37/37° C and the experimental 37/34° C
conditions as the control numbers were much higher. This difference was also seen between the
control and 34/34°C comparative condition but not between the 37/34° C and the 34/34° C sets.
The results were repeated in parallel experiments with the HBL-100 and B16-BL6 cell lines with
similar results with the exception that at day 5 all three conditions have significant differences
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between them as displayed in Figure 2. 2. It appears that MCF-7 cell proliferation is less
inhibited by culture at the 34/34°C condition than are the other cells lines.

Figure 2.2 Comparison of cell counts of HBL-100 and B16-BL6 cells exposed to different
temperature shift conditions. HBL-100 (top panel) and B16-BL6 cells (lower panel) were
cultured in media and incubated at 37° C for 24 h/day (blue), 37° C from 9:00 - 21:00 h and 34°
C from 21:00-9:00 h (brown), or 34° C for 24 h/day (grey). Duplicate cultures were harvested
each day for 5 days and trypan-blue stained cell suspensions counted in quadruplicate using a
hemocytometer (n=6, p<0.05)

38

The MTT assay was used for only two cell lines and the results for both the MCF-7 and
B16-BL6 cells exposed to the temperature shift conditions are displayed in Figures 2.3 and 2.4,
respectively. A two-way ANOVA (SPSS®) demonstrated statistical significance for the effect
of temperature shift on viable cell number for both cell culture lines. The two-way ANOVA
(SPSS®) are available in Appendix 2. The temperature shift resulted in a significant reduction in
MTT absorbance at 7 days in both cell lines, after which point, the control cells have exhausted
the media and don’t survive. The MTT assay results parallel the cell count data.
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Figure 2.3. Daily results from the MTT assay for MCF-7 cells exposed to different temperature
shift conditions. Cells were plated on 96 well plates and cultured at 37° C for 24 h/day (blue),
37° C from 9:00 - 21:00 h and 34° C from 21:00-9:00 h (brown), or 34° C for 24 h/day (green)
and each day a replicate plate was assayed for MTT reducing activity. The MTT reagent (5
pg/well) was incubated with the cells for 3 h and the resulting brown precipitate, formazan, was
solubilized in DMSO and absorbance read at OD540 which corresponds to the viable cells (n=3,
p<0.05)
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Figure 2.4. Daily results from the MTT assay for B16-BL6 cells exposed to the different
temperature shift conditions. Cells were plated on 96 well plates and cultured at 37° C for 24
h/day (blue), 37° C from 09:00 - 21:00 h and 34° C from 21:00-09:00 h (brown), or 34° C for 24
h/day (green) and each day a replicate plate was assayed for MTT reducing activity. The MTT
reagent (5 pg/well) was incubated with the cells for 3 h and the resulting brown precipitate,
formazan, was solubilized in DMSO and absorbance read at OD540 which corresponds to the
viable cells (n=3, p<0.05)

For the data on cell counts using trypan blue, after 5 days of culture the cells were shown
to be confluent on the 60 mm culture plates resulting in inhibition of cell proliferation (contactdependent inhibition) and the trypan blue stain uptake increased noticeably indicating reduced
cell viability. The MTT assay, a colorimetric assay, measures differences in cell metabolism by
correlating the amount of MTT absorbance with quantity of nicotinamide adenine dinucleotide
phosphate (NADPH) present which reduces the MTT dye to formazan. MCF-7 cells displayed
maximum absorbance for cells cultured under the 37/37o C and the 37/34o C conditions at day 7.
The 34/34oC condition-treated cells did not peak in absorbance until day 9. At day 10, B16-BL6
cells in both the 37/34o C and 34/34o C conditions did not appear to have peaked while the 37/37 o
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C cells peaked at day 9. The MTT assay is essentially a test of metabolically active cells but is
often used to imply relative differences in cell viability. These results comparing raw cell
numbers and MTT relative absorbance, indicated that in this study using MCF-7 and B16-BL6
cells, the MTT accurately reflects viable cells.
Flow cytometry was performed to query if the reduction in cell numbers and the decrease
in the MTT assay were due to differences in cell cycle dynamics. Lowering the ambient
temperature to 34° C has been demonstrated to lengthen the cell cycle (Bieler et al. 2014). The 3
conditions did not demonstrate notable differences in the relative proportion of the cells in either
the interphase (G1 and S phases) or the mitosis phases over a 24 h period post-shift at 4 days.
These data are demonstrated in Figure 2.5. The four-day duration of the experiment precludes the
requirement to split or passage cells so that media changes and reseeding are not variables.
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Figure 2.5. Graphical display comparing the proportion of cells in each cell cycle phase at day 4
of the temperature shift treatment. MCF-7 cells were cultured in media and incubated at 37° C
for 24 h/day (brown), 37° C from 09:00 - 21:00 h and 34° C from 21:00-09:00 h (green), or 34°
C for 24 h/day (blue) for 4 days. The cells were harvested, fixed in 70% methanol, stained with
propidium iodide, and analyzed on a flow cytometer to determine the percentage of cells in each
phase of the cell cycle (n=3, p<0.05)

After exposing the cells to seven days of the temperature shift protocol, no significant
differences in cell cycle phases were detected between the control (37/37° C) and the
experimental conditions (37/34° C), as presented in Figure 2.6. Statistical differences were
shown when comparing the S phases between both the control and experimental conditions and
the comparative 34/34° C condition such that a lower percentage of cells occurred in the S phase
in the comparative 34/34° C condition.
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Figure 2.6. Graphical display comparing cell cycle phases at day 7 of shift. MCF-7 cells were
cultured in media and incubated at 37° C for 24 h/day (brown), 37° C from 09:00 - 21:00 h and
34° C from 21:00-09:00 h (green), or 34° C for 24 h/day (blue) for 7 days. The cells were
harvested, fixed in 70% methanol, stained with propidium iodide, and analyzed on a flow
cytometer to determine the percentage of cells in each phase of the cell cycle (n=3, p<0.05)

However, after 14 days on the temperature shift cycle, the MCF-7 cells showed some
*
changes in the cell cycle kinetics between the control and experimental
conditions. The

proportion of cells in the S phase was significantly higher in the experimental shift cells as
presented in Figure 2.7. This became a consideration in selecting experimental duration.

*

43

Figure 2.7. Graphical display comparing cell cycle phases at day 14 of temperature shift. MCF-7
cells were cultured in media and incubated at 37° C for 24 h/day (brown), 37° C from 09:00 21:00 h and 34° C from 21:00-09:00 h (green), or 34° C for 24 h/day (blue) for 14 days. The
cells were harvested, fixed in 70% methanol, stained with propidium iodide, and analyzed on a
flow cytometer to determine the percentage of cells in each phase of the cell cycle (n=3, p<0.05).

The histograms, as displayed in Figure 2.8, are typical of those derived from the cell
cycle analysis between the control and experiential conditions and provide further evidence that
when compared on a time by time point basis, there is little difference between the two
conditions.

Figure 2.8. Histograms for flow cytometer of MCF-7 cells at 7 days of temperature shift.
Images in the top row represent the histograms of cells exposed to the 37/37° C control condition
harvested at time points 0, 4, 8 ,12 16 and 24 hour respectively with time 0 = 09:00. Images in
the lower row represent the histogram of cells exposed to the 37/34° C experimental condition
harvested at time points 0, 4, 8 ,12 16 and 24 hour, respectively with time 0 = 09:00(n=3).

These cell cycle results from MCF-7 cells subjected to the temperature shift protocol
differed from the cell cycle flow results of cells induced by the serum shock method. Post-serum
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shock, MCF-7 cells were synchronized in G1 and remained there for approximately 4 hours
before moving sequentially, and still synchronized in phase, through the S and G2/M phases to
achieve a bimodal peak within 12 hours and the population returning to principally G1 by 24
hours post serum shock. This is displayed in the histograms obtained by flow cytometry analysis
and are displayed in Figure 2.9.
Therefore, serum shock impacts the cell cycle through cell cycle synchronization while
exposure of the cells to a temperature shift protocol for 4 - 7 days of experimental procedure
does not cause changes in the cell cycle. Given that MCF-7 cells proliferate at a slower rate
when treated with the temperature shift protocol, it is assumed that the duration of the cell cycle
is longer. This cannot be attributed to arrest in any particular phase as measured by flow
cytometry.

control

1

2

4

6h

8

12

16

24 h

Figure 2.9. Cell cycle changes demonstrated in MCF-7 cells over 24 hours in response to
treatment using a serum shock protocol. Cells were serum starved overnight and then treated
with media containing 50% FBS for 2 h. The cells were then cultured in media containing 10%
and collected at different times. The cells were fixed and stained in propidium iodide and
analyzed by flow cytometry (n=3).

To explore differences in energy metabolism in temperature-shifted cells as suggested by
the MTT assay, relative ATP production was measured using relative luminescence. ATP
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production did differ between the control and experimental conditions as measured at midday
and as demonstrated in Figure 2.10. The 37/34° C shifted cells had significantly lower ATP
production at midday than cells treated with the 37/37° C control condition. This difference was
not apparent at the 01:00 or during the night interval twelve hours later nor in the comparative
34/34°C condition. This suggests that there is a lower level of ATP production that occurs in
37/34° C temperature-shifted cells relative to the control cells that occurs sometime after 4 hours
of introduction to the suboptimal temperature and that lasts for a minimum of 4 hours after shift
back to the physiological temperature. Further, this change appears to apply only to the cells that
experience the 3° C difference in temperature every 12 hours and not to cells continuously
maintained at suboptimal temperatures which supports the idea that the temperature changes are
able to disrupt energy metabolism.

Figure 2.10. Relative differences in ATP production as measured by relative luminescence.
Cells were exposed to the temperature shift protocol for 2 days and then collected at 01:00 or
13:00 for analysis of ATP levels using the luminex method to measure relative luminescence
units (RLU) (n=3).
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The relative expression of the composite clock genes as measured by RT-qPCR and
quantified using the 2^ΔΔCq method is displayed in Figure 2.11. The reference gene selected
for data normalization for this experiment was RPS 17 as described in the Materials and Methods
section. The data presented in this figure are from the third replicate experiment which used 100
ng mRNA for reverse transcription. The results for the other replicates are available in Appendix
3. The first experiment used 25 ng mRNA and while gene expression could be detected with the
shift condition at some time points, it was not detectable for the control condition (likely due to
poor sensitivity) whereas differences were detected at 100 ng mRNA. Gene expression levels
for PER1, PER2, CLOCK, BMAL, and NR1 D1 changed over the 24-hour experimental period
after the cells were exposed to a seven-day shift and time 0=09:00. The temporal changes in
gene expression were different for PER 1 as compared to PER 2. PER1 expression peaked at 6
hours post-shift while PER2 expression peaked at 1-hour post shift. CLOCK gene expression
peaked at 12 – hours post shift and BMAL expression was relatively high, although peak BMAL
expression was at one-hour post shift. All six genes exhibited an increase in gene expression at
the 1-hour post shift time point and for all genes, except for PER2 and CLOCK, this presents the
peak level of expression. It is possible that the return to physiological temperature resets the
synchronization effect and even genes such as GAPDH, which was not used as a house keeping
gene in this assay as the transcript levels were too variable over the 24-hour period, show this 1hour post shift peak in expression. CLOCK was the only gene where this change in expression
was not greater than two-fold at any time over the 24-hour period. The expression of NR1-D1,
after the 1-hour post shift peak time point, has the next greatest fold change in expression at 6
hours post-shift, while BMAL expression is relatively low at this point. This is expected as
NR1-D1 represses BMAL transcription. The temperature shift protocol does result in increased
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gene expression in MCF-7 cells with PER2 demonstrating a cycle with a peak at 6 hours post
shift in a 24-hour period.

Figure 2.11. Comparative differences in clock gene expression over 24 hours using the shift
model. Cells were exposed to the temperature shift protocol for 7 days and then RNA collected
at different time points during the day. The RNA was subjected to RT-qPCR using TaqMan
probes and relative gene expression was measured against the RPS17 reference gene using the
2^ΔΔCT method (n=2).

PER1and PER2 protein are demonstrated by western blot analysis shown in Figure 2.12.
PER1 protein expression is different from PER2 and this mirrors the findings for mRNA. The
PER1 protein levels appear relatively stable for the first 12 hours and this may reflect some
alterations in post-translational modifications which differentially impacts the stability of the two
proteins (Rossetti et al 2012).
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Figure 2.12. Western blot results from a seven-day shift experiment measuring PER1 and PER2.
The 37/34° C experimental condition is displayed with time in hours and time 0 representing the
time at 09:00 or when the cells are shifted back to 37° C from 34° C. GAPDH is the reference
gene.

To further characterize any differences in cell cycle regulation between the temperature
shift and control conditions, the protein levels of p21, part of a CKI family, and 4 cyclins were
evaluated by western blot analysis as shown in Figure 2.13, at the same time points used for the
gene expression analysis. Cyclin B expression (associated with entry into mitosis) was increased
in cells exposed to both the 37/34° C and the 37/37° C conditions and no other cyclin expression
was detected in either the control or the experimental conditions. Cyclin B is overexpressed in
breast cancer cells (Aaltonen et al. 2009). The shift condition did demonstrate increased levels
of p21 and although this did not result in any cell cycle phase arrest, it may explain the lower rate
of cell proliferation as p21 is part of a family of CKIs (Xiong et al. 1993).
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Figure 2.13. Western blot results from a seven-day shift experiment. The 37/34° C experimental
condition experiment with time in hours and time 0 representing the time at 09:00 or when the
cells are shift back to 37 °C from 34° C on the left hand side and the control condition of
constant 37/37°C on the right hand side
Similar to the findings of Balsalobre et al. (1998), our experiments showed that the serum
shock protocol synchronized gene expression in MCF-7 cells. In this series of experiments, there
appeared to be two phases, the first and smaller synchronization of expression at one hour after
shock and then the larger and second synchronization phase at 6 hours post-shock for all genes
except Albumin D site-binding protein (DBP). DBP is not a core clock gene but is a target of the
BMAL-CLOCK transcription factors and mediates the circadian transcription of key liver
processes (Stratmann et al. 2010). The findings from this experiment are demonstrated in Figure
2.14.
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Figure 2.14. Synchronized gene expression in a serum shock experiment. MCF-7 cells were
serum starved overnight and then treated with media containing 50% FBS for 2 h. The cells were
then cultured in media containing 10% FCS and cells collected at various times during the day.
The RNA was subjected to RT-qPCR using TaqMan probes and relative gene expression was
measured against the RPS17 reference gene (n=3).

Western blot results from the serum shock experiment support the idea that both PER1
and PER2 are synchronized, as shown in Figure 2.15. Both PER1 and PER2 proteins appeared
to be synchronized in tandem which was not consistent with the results from cells exposed to the
temperature shift protocol. In this serum shock experiment, PER1 appeared to lose protein
expression more quickly than PER2 and this may indicate post-translational changes related to
that specific protocol that could be induced by other synchronized genes.
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Figure 2.15. Western blot results from a serum shock experiment with time in hours and time 0
representing the time after cessation of 50% serum exposure (n=3).

The temperature shift protocol has been described and characterized using cell
proliferation assays, flow cytometry of cell cycle, RT-qPCR to measure gene expression, and
western blot analysis. Important differences exist between the cellular responses to the
temperature shift and serum shock protocols however, both protocols result in increased clock
gene expression in MCF-7 breast cancer cells.
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2.4 Discussion
A serum shock protocol was used to demonstrate that circadian gene expression could be
induced in rat fibroblasts and hepatoma cells (Balsalobre, Damiola, and Schibler 1998). While
that publication demonstrated that the molecular mechanisms relating to clock gene expression
identified in the SCN, were also present in peripheral cells, there was no explicit demonstration
of cell cycle kinetics. However, based on the observations using the MCF-7 breast cancer cell
line in this study, it would appear that clock gene expression in the serum shock model may be
influenced by cell cycle kinetics. This is consistent with other results in which the cell cycle
imparts control over circadian oscillators (Bieler et al. 2014). Other studies have failed to
demonstrate any circadian oscillations in clock genes after serum shock (Rossetti et al. 2012).
As demonstrated in Figure 2.14, gene expression may be synchronized when treated with the
serum shock protocol although there was no anti-phase expression of any of the genes. While
this may be advantageous in certain situations, the response of potential reference genes such as
RPS 17 and PPIA in Figure 2.14, is not optimal. The potential confounding influence on
reference gene expression in cells treated with the serum shock method has been identified in
other studies (Schmittgen and Zakrajsek 2000). The fact that all researchers do not report
variations in housekeeping genes may arise from slight differences in the serum shock protocol
implementation or due to the use of MCF-7 cells with lineage-specific differences ( Lee,
Oesterreich, and Davidson 2015). Serum deprivation has been demonstrated to cause wild type
mouse embryo cells and those deficient in Rb-/- or Cyclin E-/- to enter into G0 with wild type
cells entering into G1 following serum addition while Cyclin E-/- cells are impaired at G1 entry
(Geng et al. 2003) and Rb-/- cells demonstrate an atypically early Cyclin E peak in G1 (Herrera et
al. 1996). Therefore, the serum shock protocol may induce cell cycle artifacts. The short-term
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concentration of growth, mitogenic, or other factors could stimulate an artificial pan-response
via underlying pathways that impact both the cell cycle and clock gene expression (GutiérrezMonreal et al. 2016). Further, the lack of any readily identifiable control condition in the
standard serum shock protocol, except for comparison to Time 0, negates the use of the 2^ΔΔCq
method for calculating RNA levels from qPCR data further hampering inter-experimental
comparisons.
The results of this study indicate that cell growth and metabolism are impacted in the
temperature shift protocol. Specifically, cell numbers are lower in the experimental condition
(37/34° C shift) compared to the control condition (37/37° C) as daily counts progress but are
higher than the cell counts for cells cultured at the constant suboptimal temperature (34/34° C)
(Figure 2.1). This trend is statically significant for the MCF-7, HBL-100, and B16-BL6 cell
lines studied except that for the MCF-7 cells significant differences existed at day 5 only
between the control and experimental groups (Figures 2.1 and 2.2). It is advantageous to study
the impact of a new protocol using multiple cell lines. MCF-7 cells are a human breast cancer
epithelial cell line that are estrogen receptor (ER)α positive and progesterone receptor (PR)
positive and demonstrate cell culture criterion for neoplasia in the presence of estrogen ( Lee,
Oesterreich, and Davidson 2015). In contrast, HBL-100 cells are a non-malignant human breast
epithelial cell line that are thought to be immortalized via adenovirus SV 40 antigen but can
transform over time to become tumorigenic in nude mice (de Fromentel et al. 1985). The
murine melanoma B16-BL6 cell line has previously been demonstrated to have dysregulated
clock gene function (Kiessling et al. 2017.) From analysis of the flow cytometry data of DNA
content, the proliferation differences in response to different culture temperature conditions do
not appear to be due to differences in cell cycle dynamics ( Figures 2.5 and 2.6). The
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experimental temperature-shifted cells progress through the cell cycle with no apparent phase
arrest (Figures 2.5 and 2.6). It appears that the rate at which the cells grow and divide are
slower. Metabolically, the temperature shifted experimental cells are significantly different.
This is supported by both the MTT data and the ATP production assay (Figures 2.3 and 2.10) .
While these metabolic changes may be expected in the cells maintained at suboptimal
temperatures (Al-Fageeh et al. 2006), this is the first time, to our knowledge, that temperature
shifted cells have been characterized in this way. This reinforces the concept that cellular
metabolic changes and clock gene expression are related ( Robinson and Reddy 2014).
While the temperature shift model also displays an ability to synchronize clock gene
expression, it is clear that it is not cell cycle dependent. As displayed in Figure 2.11, all six
genes studied demonstrated an increase in gene expression after one-hour of returning to the 37°
C temperature. This trend is exhibited in the core clock genes as well as for glyceraldehyde – 3
phosphate dehydrogenase (GAPDH), a key enzyme in cell metabolism which is frequently used
as a reference gene in RT-qPCR and as a loading control in western blots (Tristan et al. 2011).
Based on the results of the reference gene validation portion of this study, it was apparent that
GAPDH would not be suitable as a housekeeping gene. However, given that the shift
experiment appears to have a metabolic impact and GAPDH is required for cell glycolysis
among many other functions (Tristan et al. 2011), analysis of GAPDH was included in the study
of gene expression. GAPDH showed a 21-fold change in expression at the one-hour post shift
timepoint but returned to baseline until the 16-hour post shift timepoint when there was a small
increase of 1.5-fold. There may be a metabolic shift that occurs in the cells within one hour after
being returned to physiologic temperature that is related to the increase in GAPDH expression
and to changes in the other core clock genes or this could be attributed to some other GAPDH
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function which also influences clock gene expression or which is independent of them. Through
the course of the day, the two transcription factors, CLOCK and BMAL, exhibit near parallel
increases at one-hour post shift although they showed differences in magnitude and at 12 hours
post-shift, they were both increased with very similar magnitude changes (2.3-fold for CLOCK
and 2.7-fold for BMAL). More importantly, other than at one-hour post shift, the transcription
factors are more closely in anti-phase with PER 1 and PER 2 expression, the protein arms of the
transcription-translation – feedback loop (TTFL) which is the expected molecular relationship.
This is in contrast to the gene expression results obtained with the serum shock method, where
expression of PER1 and PER2 are in parallel with CLOCK and BMAL. In this study of the
temperature shift model, PER 1 and PER 2 do not appear to have the same time sequence of
expression, with PER 1 peaking at one hour post shift and PER 2 peaking at 6 hours post shift.
The dynamic between the two period proteins including the post-transcriptional and posttranslation differences and whether PER2 exerts hierarchical transcriptional influence is less well
known than is the positive arm of the canonical TTFL (Chiou et al. 2016).
Recent studies have examined the circadian gene expression profiles in human breast
cancer cell lines as compared to non-malignant breast epithelial lines (Rossetti et al. 2012)
(Gutiérrez-Monreal et al. 2016) (Lellupitiyage Don et al. 2019). Table 2.1 presents a simple
comparison of recent work.

56

Table 2.1. Contributions to the Current Understanding of Circadian Gene Expression in Human
Breast Cancer Cell Lines
Authors and date of
publication

S.Rossetti, J.Espostio,
F. Corlazzoli, A.
Gregoski, N. Sacchi

M.A.GutiérrezMonreal, V.Treviño,
J.E.Moreno-Cuevas,
S.Scott

S.S. Lellupitiyage Don,
H.Lin, J.J.Furtado,
M.Qraitem, S.R.Taylor,
M.E.Farkas

2016
Identification of
Circadian-related Gene
Expression Profiles in
Entrained Breast
Cancer Cell Lines

2019
Circadian Oscillations
Persist in Low
Malignancy Breast
Cancer Cells

2012
Title and journal

Entrainment of Breast
(Cancer) Epithelial
Cells Detects Distinct
Circadian Oscillation
Patterns for Clock and
Hormone Receptor
Genes

Cell Cycle
Chronobiology
International

Cell Cycle
Breast cancer lines
used

All human derived:
HME1- ERα +ve
T47D - ERα +ve
MCF-7 - ERα +ve
MCF-10A - ERα -ve
HS587T - ERα -ve
MB-MDA-231 - ERα ve

All human derived:
MCF-7 – ERα +ve
MCF-10A –
noncancerous
HCC 1954 – HER2/neu
+ve
MDA-MD -231 – triple
-ve
ZR-75-30 ERα +ve

All human derived:
MCF-7 – ERα + ve and
PR +ve
MDA-MB-231 – triple
-ve
HEK 293 T (for
transfections for
luminometry)

Research question

To probe the possible
co-regulation of
hormone and circadian
signaling

To probe the degree of
dysfunction in the clock
molecular mechanisms
in breast cancer lines
by looking at genome –
wide expression
profiles and to
determine if breast
cancer cell lines can be
characterized in this
way

Gene expression
methodology –
including
synchronization
protocol and quantity
of mRNA used

Serum shock – 50%
horse serum
RT-qPCR – 1 μg
mRNA – cDNA, 25 ng
cDNA for qPCR,

Serum shock– 50%
horse serum
RT-qPCR – 500 ng
mRNA to cDNA, 20 ng
cDNA for q PCR

To probe more
sensitive methods to
detect circadian
oscillations
(bioluminescence), Do
circadian oscillations of
clock genes occur in
breast cancer cell lines
and is the degree of
dysregulation
correlated with
aggressiveness
Serum shock – 50%
FBS
RT- qPCR – 100 ng
cDNA –
Used GAPDH as a
control and used
2^ΔΔCq method

Microarray

Luminometry
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Results

Conclusions

No circadian oscillation
of any clock gene in
MCF-7 cells
CLOCK does not
demonstrate circadian
oscillation in any cell
line
Cell line specific
differences with respect
to response to serum
shock and clock gene
circadian oscillation
No circadian oscillation
of ERα receptor in ERα
+ve cancer cell lines

Based on RT-qPCR
data – no circadian
oscillation of PER 2 or
BMAL in the cancerous
cell lines and BMAL
expression disrupted as
compared to MCF- 10
A and almost no
expression of PER 2 in
MCF-7 cell line
Microarray data
demonstrated that
breast cancer cell can
respond to serum shock
with circadian
oscillation of non canonical genes
Breast cancer cell lines
differ in their circadian
oscillatory response to
serum shock and
receptor status does not
appear to be a factor.
Some cell lines respond
with no
synchronization in the
core clock genes but do
in clock-controlled
genes so this may
indicate that there is
another mechanism to
co -ordinate circadian
oscillation (ie
independent of
transcription factors
CLOCK/BMAL) and/ r
there are factors in the
serum shock protocol
that can cause this
synchronization

An ERα epithelial nonmalignant cell line
demonstrates a ER α
receptor circadian
oscillation in response
to serum shock as well
circadian oscillation in
clock genes (HME1)
and this is absent in
ERα cancer cell lines,
therefore circadian and
hormone signaling may
be linked

Based on RT-qPCR –
BMAL and PER 2
transcripts detectable
but no circadian
oscillation in either cell
line, with PER2 relative
expression highest at 1
hour
Luminometry – in
MCF-7 cells – PER 2
and BMAL display
circadian oscillation
and are anti-phase to
each other. No
circadian oscillation of
either found in MDAMB-231
Luminometry allows
for more frequent
sampling and is a more
sensitive method than
RT- qPCR to detect
low amplitude
circadian oscillations.
Loss of circadian
oscillation is greater in
triple -ve breast cancer
cells and the ER-E2
pathway which is
present in MCF-7 cells
may contribute to
circadian oscillations

Several factors can explain the differences in this study regarding the expression profile
of all canonical clock genes including PER2 and BMAL in MCF-7 cells treated with the serum
shock protocol. These encompass: modifications made experimentally to the serum shock
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protocol, differences in the quantities of mRNA reverse transcribed and the amount of cDNA
used for qPCR, and the use of different technologies including the use of the Taqman®
Expression arrays, which incorporate a highly specific probe into the assay. In these
experiments, the frequency of gene expression was only measured for 24 hours, therefore it is
not possible to comment on the relative circadian oscillations except that there is no indication
that the PER and CRY proteins are in anti-phase to their transcription factors as expected in the
TTFL mechanism. In most other studies the oscillations in breast cancer cells induced by serum
shock dampen out by 48-72 hours with the amplitude decreasing (Rossetti et al. 2012)(GutiérrezMonreal et al. 2016)(Lellupitiyage Don et al. 2019). The temperature shift model warrants
further investigation over a longer period of time to determine if the oscillations observed are
circadian and if the character of the wave pattern remains consistent. It would be very
interesting to combine bioluminescence of promoter-reporter expression with this protocol.
A number of researchers have identified the role of PER 2 both as a potential tumor
suppressor gene and as the clock gene most directly involved in breast tissue maintenance
through estrogen receptor modulation (Yang et al. 2009)(Xiang et al. 2008)(Gery et al. 2007)(Fu
et al. 2002). Overexpression of PER2 has been demonstrated to decrease cell proliferation in
vitro (Xiang et al. 2008) (Gery et al. 2007) and its downregulation in mice increases tumor
growth (Yang et al. 2009). Mice that are PER 2 (m/m) mutant have increased tumor
susceptibility (Fu et al. 2002). Overexpression of PER2 does increase the proportion of cells in
G1 through a G1/S block possibly by increasing p53 and simultaneously decreasing cyclin D 1
expression (Xiang et al. 2008) (Gery et al. 2007)(Fu et al. 2002). Decreased cyclin D1
expression can result in G1 phase arrest (Zhou et al. 2016). It is possible that the temperature
shift model results in the induction of expression of clock genes whose inherent oscillations are
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absent or below thresholds of detection in MCF-7 cells (Kiessling et al. 2017) rather than by
inducing synchronization per se. The fold change increase of PER2 expression could be
responsible for the decrease in cell proliferation in 37/34° C shifted and constant 34° C treated
cells. However, this would not necessarily explain the differences in the MTT and ATP assays
between the shift and control conditions.
In the Xiang et al. (2008) study, MCF-7 cells did not exhibit any PER2 expression on
western blot analysis prior to transfection. However, there was no cell synchronization protocol
used prior to protein extraction and the 10% polyacrylamide gels used may have been suboptimal
for measuring the 140 kDa Per2 protein. In our experiments, a smaller size Per2 protein of
approximately 45 kDa was identified in both control and experimental cells. It is thought that
this smaller size represents the nuclear form of the period proteins (Yagita et al. 2000).
This study introduces temperature shift as an alternative experimental model to examine
clock gene expression in cell culture. The protocol has been validated using RT-qPCR and
western blots and has been characterized for its effect on proliferation and metabolic activity.
While the protocol is labour intensive, this could be mitigated by the use of specialized
incubators. The method described as the temperature shift model does not involve the use of
nutrients or chemicals whose use could complicate results by activating signaling pathways that
could induce changes in other non-circadian pathways. The model also allows for another layer
of manipulation such as the addition of chemotherapeutic drugs or melatonin to study the impact
on clock gene expression and the cell cycle. While it is not yet determined how deeply these two
important aspects of cell regulation are related, a model with selective impact, could be helpful
in making that determination. The use of the temperature shift protocol can also accommodate
the requirements of the MIQE guidelines for evaluating changes in gene expression by qPCR. It
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is highly recommended that the selection of any model involving synchronization include details
on reference gene selection and validation and on cell cycle kinetics to allow for ease of
comparison between studies. It may be worth noting that SCN cells can be synchronized by
serum shock (Hurst, Mitchell, and Gillette 2002). However, SCN cells appear refractory to
temperature pulses as a means of phase rest and entrainment (Buhr, Yoo, and Takahashi 2010).
This supports the idea that the temperature shift model is a useful tool to study clock gene
expression of peripheral oscillators.
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Chapter 3
Chapter 3 Impact of Melatonin on the Cell Cycle and Clock Gene
Expression
3.1 Introduction
The article describing the isolation and identification of melatonin from a bovine pineal
gland was published in 1958 (Lerner et al. 1958). The hormone synthesis pathway, from
tryptophan to serotonin to melatonin, results in a diurnal rhythm with a peak amplitude of
melatonin concentration at night and whose rate is controlled by a series of enzymes that are
under circadian control (Bernard et al. 1999). Melatonin is also produced in extra-pineal tissues
including cerebral cortical cells and hepatocytes and exhibits different subcellular concentrations
depending on the cell type and time of day (Venegas et al. 2012). Of the many interesting
properties of melatonin, one is how evolutionarily conserved it is, being found in prokaryotes
and among almost all of the phyla of eukaryotes (Venegas et al. 2012). The second unique
feature of this hormone, is its chemical structure. N-acetyl-5-methoxytryptamine, which is
classified as an indole compound possessing both benzene and pyrrole rings with the positions of
the acetyl and methoxy groups affording the hormone with amphophilic properties: being both
hydrophilic and lipophilic and hence able to cross cell membranes (Tan et al. 2005). The
physical structure also enables melatonin to be a potent scavenger of free radicals and a powerful
antioxidant (Shirinzadeh et al. 2010). In addition to acting as an antioxidant against both
reactive oxygen species (ROS) and reactive nitrogen species (RNS), melatonin has been

68

described as having oncostatic, anti-inflammatory, immunomodulatory, and anti-aging effects
mediated through receptor and non- receptor-based means (Hardeland 2009).
Within the scope of circadian hierarchical regulation, melatonin is considered one of the
hormonal effector arms of the central SCN organization where the SCN exerts control via
sympathetic nervous system innervation of the pineal gland (Chuffa et al. 2019). The nocturnal
production of melatonin promotes central synchronization of peripheral oscillators and circadian
genes, although the precise molecular mechanisms are not fully understood (Chuffa et al. 2019).
Melatonin synthesis is rapidly decreased by exposure to blue light wavelengths (Tordjman et al.
2017). The nocturnal blood concentrations in people typically ranges from 80-120 pg/ml, being
5-8 times greater than the daytime levels (Karasek and Winczyk 2006). However, women with
estrogen receptor positive (ER+) breast cancer have much lower nocturnal circulating melatonin
levels as compared to healthy women (Tamarkin et al. 1982). The melatonin hypothesis
postulates that exposure to light at night (LAN) causes chronic melatonin disruption, and
therefore the loss of the protective effects of melatonin, which leads to tumorgenisis (Stevens
and Davis 1996). A large study of nurses was published that showed that those nurses who
worked rotating night and day shifts experienced an increased risk of breast cancer
(Schernhammer et al. 2001). Other large epidemoligical studies involving shift work and animal
studies, led to the International Agency for Cancer Research (IARC) to declare shift work a
probable carcinogen, which was appended to night shift work in 2019 (Erren et al. 2019).
Melatonin has recently been shown to influence clock gene expression in cultures of
MCF-7 cells (Xiang et al. 2012). The range of melatonin concentrations used in published in
vitro experiments has varied widely. Melatonin decreased BMAL expression and increased
PER2 expression in MCF-7 cells treated at a 1 nM concentration (Xiang et al. 2012). At a 100
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nM concentration, melatonin can interfere with mitochondrial oxidative phosphorylation in the
mitochondria of MCF-7 cells (Scott et al. 2001). Melatonin at 1-2 mM concentrations increases
PER2 and CLOCK expression but down-regulates BMAL expression in prostate cancer cells
(Jung-Hynes et al. 2010). Both the membrane receptor M1 and the nuclear receptor RORα have
been linked mechanistically to melatonin’s influence on clock gene expression (Xiang et al.
2012)(Dai et al. 2001).
The purpose of this study was to examine the effects of physiological concentrations of
melatonin on the growth of MCF-7 cells, and on cell cycle and clock gene expression in
combination with the temperature shift model of circadian synchronization. Changes caused by
treatment with melatonin that are different from those produced by the temperature shift alone,
will be compared and further insights into the hormone’s mechanism of action will be discussed.
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3.2 Materials and Methods
Cell culture
A human hormone-responsive breast cancer cell line, MCF-7 cells, and a human breast
epithelial cell line, HBL-100 cells, all originally obtained from the American Type Culture
Collection (ATCC) were maintained in Hyclone Debucco’s Modified Eagle Media (DMEM)
with high glucose (GE Lifesciences) and supplemented with 10% fetal bovine serum (FBS) and
1% antibiotic and antimycotic solution® (A&A) (Fisher Sciences). They were maintained in a
humidified environment at 37o C and 5% CO2.
Experimental protocols
The temperature shift technique consisted of MCF-7 cells being kept in a 37 o C
environment from 09:00 to 21:00 and then transferred to a humidified 34 o C incubator
supplemented with 5% CO2 from 21:00 to 09:00. This was done for 7 consecutive days. In
addition, two control conditions were maintained for the duration of the experiment; for the first
control condition the cells were maintained at 37o C continuously and for the second control
condition the cells were maintained at 34o C continuously, each in humidified incubators with
5% CO2 supplementation. Cells were seeded in 100 mm tissue culture plates at a ratio of 1:8 on
the first day of the shift experiment. At the 21:00 shift change, all three conditions received a
media change with DMEM supplemented with melatonin (n- acetyl – 5 – methoxytryptamine,
Santa Cruz Biotechnology) to a final concentration of 0.5 nM. At 9:00 the cells were again
subjected to a media change, this time without melatonin. Experiments were performed in
triplicate.

71

MTT Assay
For the 3-(4,5-dimethylthiazol-2-yl) -2,5 – diphenyltetrazolium bromide assay (MTT), 96
well plates were seeded with 2,000 cells/well for each cell type in 200 μl media containing
either no melatonin as control or to a final concentration of 1 nM, 10 nM , 100 nM , 1 μM, or 1
mM melatonin and then the cells were incubated at 37° C for 4 days. Triplicates of each plate
were prepared. The MTT assay was performed daily from days 2-4 days using the lab protocol
where 5 pg/well MTT reagent was added to the wells on the day of the assay and the plate
incubated at 37o C for 3 hours. Then, the media was removed and replaced with 100 μl of
dimethyl sulfoxide (DMSO) to solubilize the formazan crystals. The plate wells were read at
540 nm wavelength on a Synergy® H4 Hybrid plate reader (Biotek) using Gen 5, version 2.00
software. The average of the triplicate measures was reported along with the standard error of the
mean (SEM).
Protein extraction and Western Blotting
Cells were washed with ice cold PBS pH 7.4 and then lysed in 300 μl of ice cold
radioimmunoprecipitation assay (RIPA) buffer (150 mM sodium chloride, 15 mM phosphate
buffer, pH 7.4, 1% Triton-X 100, 0.5% sodium dodecyl sulfate (SDS), 0.5% sodium
deoxycholate, 10 mM sodium fluoride (NaF), 10 mM sodium orthovanadate, and protease
inhibitor tablets (Thermo ScientificTM PierceTM Protease Inhibitor Tablets). All reagents were
obtained from Fisher Scientific unless otherwise indicated. The whole cell lysate was then
collected from the plate using a plastic cell scraper. Cellular DNA and cytoskeletal proteins
were sheared by passage through a 22 gauge needle several times and then stored at -80 0 C.
Protein quantification was done using the bicinchoninic acid (BCA) assay (Thermo Scientific TM
PierceTM BCA Protein Assay Kit) with a bovine serum albumin standard and read using a
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Syngery® H4 Hybrid plate reader (Biotek) using Gen 5, version 2.00 software. Electrophoresis
was performed using 25 μg of protein loaded per lane onto a 15% polyacrylamide gel containing
SDS. After electrophoresis, the gels were transferred onto nitrocellulose membranes using a
semidry transfer apparatus and 20% methanol, 192 mM glycine, and 25 mM Tris-HCl, pH 8, and
protein transfer was confirmed by staining the membranes with 0.1% Ponceau S in 1% acetic
acid. The membranes were blocked by incubation in 5% low fat milk or 5% Bovine Serum
Albumin (BSA) in Tris-buffered saline, pH 7.4 and 0.05% Tween-20 (TBST), depending on the
optimization protocol for the antibody, overnight at 40C. Primary antibodies were incubated in
5% low fat milk or 1% BSA in TBST at the dilutions listed below, overnight at 4 0 C. Secondary
antibody-horseradish peroxidase (HRP) conjugates were incubated with the membrane at a
dilution of 1:10,000 for 2 hours at room temperature. Chemiluminescent detection of HRP using
the Thermo ScientificTM enhanced chemiluminescence (ECL) detection reagents was performed
prior to membrane exposure to radiographic film.
All antibodies were obtained from SantaCruz Biotechnology. Primary antibodies that
recognize Per1 and Per2 were used at 1:500 dilutions in 5% low fat milk in TBST for the block,
primary antibody, and secondary antibody incubations. Primary antibodies that recognize
HSP70, cyclin A, cyclin D1, and cyclin E were used at a dilution 1:200, the antibody that
recognizes cyclin B were used at a dilution of 1:100 and the antibody against β-actin was used at
1:1000 in 5% BSA in TBST for block and 1% BSA in TBST for the primary and secondary
antibodies.
Flow cytometry for Cell Cycle Analysis
Cells were washed with PBS, pH 7.4, and harvested in 0.2% trypsin until detachment.
The cells were collected and transferred to 1.5 ml microfuge tubes and centrifuged at 2000 rpm
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for 5 minutes. The supernatant was discarded and the cells were washed with 1 ml PBS, pH 7.4,
resuspended in 70% ethanol, and immediately stored at -20 0 C. Prior to analysis, the thawed
samples were washed twice with PBS, pH 7.4, resuspended in 0.5 ml PBS, and 500 μl 100 μg/ml
propidium iodide (PI) and 100 ng/ml RNase stain solution was added. The cells were incubated
for 2 hours and samples analyzed on a Cytomics FC 500 flow cytometer (Beckman Coulter).
Images were transferred to the Paint® program from the Beckman Coulter software.
Gene expression analysis using Reverse Transcriptase quantitative PCR (RT-qPCR)
Cell monolayers in 100 mm tissue culture plates were lysed in a fixed volume of 500 μl
of denaturing solution containing 4 M guanidinium thiocyanate, 25 mM sodium citrate, 0.05%
N- laurosylsarcosine, and 0.1 M 2-β- mercaptoethanol, as outlined (Chomczynski and Sacchi
2006). After immediate collection using a plastic cell scraper, the samples were stored at -80 0 C
prior to RNA purification and solubilization using the phenol-chloroform technique, as
described. RNA quantification was determined by measuring the OD260 using a
spectrophotometer (Nanodrop®). 100 ng of RNA/sample was reverse transcribed using the
protocol from the Superscript IV Vilo Master Mix without ezDNAse enzyme treatment as per the
Life Technologies® instruction manual. The TaqMan® primers were annealed with the RNA at
25° C for 10 minutes, RNA reverse transcribed by incubation at 50° C for 10 minutes, and then
the enzyme was inactivated for 5 minutes at 85° C using a thermocycler. The Clock gene ID
Taqman® assays were obtained from Life Technologies®. For some genes, these assays are
inventoried and for others they were custom produced. RPS-17 was used as the reference gene in
this experiment. The assay numbers are as listed: PER1, Hs00242988_m1; PER2,
Hs01007553_m1; CLOCK, Hs00231857_m1; BMAL (ARNTL), Hs00154147_m1; CRY1,
Hs00172734_m1; CRY2, HS00901393_m1; TFAM, Hs00273372_s1; DBP, Hs00609747_m1;
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and, RPS17, Hs00734303_g1. Taqman® gene assays were performed using 80 ng of cDNA and
the Agilent Aria MX. The Thermo Fisher protocol for the TaqMan® Fast Advanced Master Mix
was followed which consisted of UNG incubation for 1 cycle at 50° C for 2 minutes, 1 cycle of
enzyme activation for 30 seconds at 95° C, and 40 cycles of alternating denaturing and annealing
at 95° C for 1 second and 60° C for 20 seconds, respectively. As per the Taqman ® technical
bulletin the amplification efficiency is assumed to be 1 and a melting cure analysis is not
completed due to regent consumption. Gene expression was measured using the 2^ΔΔCT
method in accordance with the Minimum Information for Publication of RT-qPCR Experiments
(MIQE) Guidelines. (Bustin et al. 2009).
Statistical Analysis
SPSS ® statistical software (IBM) or GraphPad Prism 5.0 was used for statistical analysis
as indicated. The data was subjected to a normality test using the normality function within
GraphPad/Prism and if appropriate, p<0.05, the data was subject to a one analysis of variance
(ANOVA) to compare groups which were then tested with a post hoc Tukey test; otherwise the
groups were compared with a Kruskal Wallis test with a Dunn’s comparison of groups as the
post hoc. Unless otherwise stated, statistical significance was determined as p<0.05. Error bars
within graphs indicate standard error of the mean (SEM), unless otherwise indicated.
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3.3 Results
In order to examine the impact of different concentrations of melatonin on cell viability
and metabolism of a breast cancer and a breast epithelial cell line, an MTT assay was performed.
For this experiment, the cells were maintained continuously at 37°C and were not subjected to
the temperature shift protocol. MCF-7 cell growth and viability were significantly inhibited
when cultured in media supplemented with a concentration of 1 mM melatonin in that the
relative absorbance was significantly lower compared to cells cultured in the absence of
melatonin. This indicates lower metabolic activity in the culture and indirectly, less cell
viability. This is presented in Figure 3.1. Treatment with lower concentrations of melatonin did
not demonstrate a significant positive or negative effect on the viability of MCF-7 cells.
Conversely HBL-100 cells treated with melatonin for 4 days had a significantly higher relative
absorbance when treated at the 1 nM, 10 nM, and 100 nM concentrations when compared with
the absence of melatonin or to the higher concentrations of melatonin of 1 μM or 1 mM. The
viability of HBL-100 cells at day 4 of treatment with the 1 μM or 1 mM concentrations of
melatonin was not significantly different from those cells that received no melatonin, indicating
that even at high concentrations, melatonin did not appear to adversely affect non-cancerous
cells. The lower concentrations of melatonin had a positive effect on HBL-100 cell viability
with the MTT-dependent absorbance of cells treated at the physiological concentration of 1 nM
being significantly higher than the cells treated with the 10 nM or 100 nM concentrations as
measured at day four. The results are summarized in Figure 3.2. In this study, melatonin at high
concentrations can negatively impact cancer cells but there is no negative impact on nonmalignant breast epithelial cells and low melatonin concentrations confer a benefit to nonmalignant cells.
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Figure 3.1 Viability of MCF-7 cells treated with different melatonin concentrations. Cultures of
MCF-7 cells were treated with 1 nM, 10 nM, 100 nM, 1 μM, and 1 mM melatonin on day 1 and
the viability of the cultures was measured for days 2 - 4 using an MTT assay. The Y axis denotes
the relative absorbance of the active product, formazan (n=3, p<0.05).

*

*

*

Figure 3.2 The viability of HBL-100 cells treated with different melatonin concentrations.
Cultures of HBL-100 cells were treated with 1 nM, 10 nM, 100 nM, 1 μM, and 1 mM melatonin
on day 1 and the viability of the cultures was measured for days 2 -4 using an MTT assay. The Y
axis denotes the relative absorbance of the active product formazan which viable cells can
convert from the 3-(4,5-dimethylthiazol-2-yl) -2,5 – diphenyltetrazolium bromide assay (MTT)
(n=3, p<0.05).
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To determine if the addition of melatonin for 12 hours/day had an impact on MCF-7 cell
cycle kinetics, flow cytometry was performed using the nucleic acid stain, propidium iodide (PI).
MCF-7 were subjected to temperature shift for 7 days prior to analysis and compared to a control
group of MCF-7 cells that were kept continuously at 37°C. Melatonin was added each dram
from 21:00 to 09:00 to a final concentration for 0.5nM. The histograms presented in Figure 3.3
represent a portion of the results where the X axis of the histogram indicates the relative intensity
of the stain and therefore the amount of DNA present in the cells and the Y axis indicates the
proportion of cells within each phase of the cell cycle: the first major peak represents cells in
Go/G1 containing the "normal" amount (2N) of DNA; the second major peak represents cells in
the G2/M phase containing a duplicated genome (4N); and, the cells between the two peaks
represents cells in the S phase where they are actively undergoing DNA replication. All of these
histograms indicate a higher proportion of cells in both the S and G2/M phases for both the
control and shift condition as compared to the histograms in Figure 2.8.
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Figure 3.3 Histograms for flow cytometry of MCF-7 cells, representing a portion of the results,
stained with propidium iodide after treatment with temperature shift and melatonin. MCF-7
were exposed to the temperature shift protocol with 0.5 nM melatonin added at 21:00 to 09:00
for 7 days. The cells were harvested, fixed in 70% ethanol, and stained with propidium iodide
for analysis by flow cytometry. The top panels represent cells exposed to 37/37° C control
condition, at time points 0, 4, and 16 hours post shift respectively with time 0 = 09:00. Images
on the middle panels represent cells exposed to the 37/34° C experimental condition, at time
points 0, 4, and 16 hours respectively with time 0 = 09 00. Images on the bottom panels
represent cells exposed to the 34/34° C comparative condition, at time points 0, 4, and 16 hours
respectively with time 0 = 09 00(n=3)
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Significant differences in the cell cycle profiles are seen in cells treated with melatonin,
where the proportion of cells in the G1 phase for the shift condition is significantly greater than
the proportion of control cells in the G1 phase. It is of interest, that a significantly smaller
proportion of cells were present in the S phase for the comparative 34/34° C condition as
compared to the control condition. This is demonstrated in Figures 3.4 and 3.5. While the
smaller proportion of cell in the S phase for the comparative condition also exists in the
temperature shift condition, as demonstrated in Figure 2.6, there was no differences in the
proportion of cells in the G1 phase, indicating that melatonin has an effect on cell cycle kinetics
in addition to the effects present in temperature-shifted cells.

Figure 3.4 Graphical display comparing cell cycle phases at day 7 of shift plus melatonin. MCF7 cells were cultured in media with the addition of 0.5 nM melatonin from 21:00 to 09:00. Cells
were incubated at 37° C for 24 h/day (brown), 37° C from 9:00 - 21:00 h and 34° C from 21:009:00 h (orange), or 34° C for 24 h/day (green) for 7 days. The cells were harvested, fixed in 70%
methanol, stained with propidium iodide, and analyzed on a flow cytometer to determine the
percentage of cells in each phase of the cell cycle (n=3, p<0.05).
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Figure 3.5 Graphical display comparing cell cycle phases at day 7 of shift plus melatonin. MCF7 cells were cultured in media with the addition of 0.5 nM melatonin from 21:00 to 09:00. Cells
were incubated at 37° C for 24 h/day (brown), 37° C from 9:00 - 21:00 h and 34° C from 21:009:00 h (orange), or 34° C for 24 h/day (green) for 7 days. The cells were harvested, fixed in 70%
methanol, stained with propidium iodide, and analyzed on a flow cytometer to determine the
percentage of cells in each phase of the cell cycle (n=3, p<0.05).

In order to further explore the differences in cell cycle kinetics, western blot analysis of
cyclin expression was performed. The interrogation for heat shock protein (HSP) 70 expression
was also included as it may be involved in the temperature shift pathway and explain some of the
impact on cell regulation. Interestingly, cyclin A, associated with S-phase, exhibited increased
expression in the control condition as compared to the experimental condition. There appears to
be a much greater relative quantity at time 0 and 1 hours, relative to the time of melatonin
removal and then a second peak of expression at 6 hours after melatonin removal.

The

comparisons are illustrated in Figure 3.6. Cyclin B is present in both the control and
experimental samples; however, it was expressed at higher levels in the 37/37° C condition and
did not appear to be inhibited by melatonin. Cyclin D1, associated with G1-phase, was absent in
the experimental condition but was detected in the control condition and the relative
concentration appeared to increase after melatonin was removed, however the loading control β81

actin also exhibited this pattern, indicating either an artifact of protein quantification or the effect
of melatonin on the expression of both proteins. Cyclin E, associated with the transition between
G1 and S phase, appeared to be the one exception whose expression appeared to be enhanced in
the shift condition. In the control cells, the peak of cyclin E expression occurred at 12 hours
after melatonin removal while for the experimental condition, the peak in cyclin E expression
occurred earlier, at 2 hours after melatonin removal and was still detectable at 4 and 8 hours
after. The expression of HSP70, part of the heat shock factor (HSF) pathway, was detectable in
both conditions, and was expressed at higher levels in the shift condition which is expected due
to the temperature fluctuations of the shift which requires an adaptive response by the cell.

37/34°C

37/37°C

Figure 3.6 Western blot results from a seven-day shift plus 0.5 nM melatonin from 21:00 to
09:00 experiment. The 37/37° C control condition experiment with time in hours and time 0
representing 09:00 is displayed on the left-hand side. The experimental condition of 37/34° C is
displayed on the right -hand side with time 0 = 09:00 when the cells are shifted back to 37° C
from 34° C and the melatonin is removed.
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To investigate the impact of melatonin on Clock gene expression, RT-qPCR was
performed using RPS-17 as the reference gene. Six core clock genes, CLOCK, BMAL, PER1,
PER2, CRY1, and CRY2 were selected as well as the clock-controlled gene DBP and a
transcriptional activator of important mitochondrial genes, transcription factor A mitochondrial
(TFAM). Figure 3.7 demonstrates the overall comparison in fold gene expression while Figure
3.8 illustrates the same data but compartmentalized to allow for ease of comparison. Peak
expression for CLOCK, BMAL, and PER2 occurred at 24 hours, which is 12 hours after
melatonin addition and shift to 34°C while peak PER1 expression occurred at 4 hours, mid-day,
which is 4 hours after melatonin removal and shift to 37°C. CRY2 and TFAM expression
peaked at 1 hour, while CRY1 expression peaked at 2 hours, and DBP expression peaked at 4
hours after melatonin removal and shift to 37°C.

Figure 3.7 Overview of the relative gene expression of clock genes CLOCK, BMAL, PER1,
PER2, CRY1, CRY2 and DBP and TFAM. Cells were exposed to the temperature shift protocol
for 7 days and melatonin at a concentration of 0.5 nM from 21:00 to 09:00. RNA collected at
different time points during the day. The RNA was subjected to RT-qPCR using TaqMan probes
and relative gene expression was measured against the RPS17 reference gene using the 2^ΔΔCT
method (n=3).
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Figure 3.8 Relative gene expression of clock genes CLOCK, BMAL, PER1, PER2 in the top
panel and CRY1, CRY2, DBP and TFAM in the bottom panel. Cells were exposed to the
temperature shift protocol for 7 days and melatonin at a concentration of 0.5 nM from 21:00 to
09:00. RNA collected at different time points during the day. The RNA was subjected to RTqPCR using TaqMan probes and relative gene expression was measured against the RPS17
reference gene using the 2^ΔΔCT method(n=3).

The Clock gene expression results are different when compared to the gene expression
profiles for temperature shifted MCF-7 cells with no added melatonin as shown in Figure 3.9
(and presented in the last chapter). Table 3.1 shows the comparison between the two sets of
experiments, however, since they were different experiments performed at different times,
statistical significance was not computed. In addition to the observation that melatonin treatment
shifts the time of peak gene expression for the core clock genes, there is a trend towards
increasing the relative fold changes in gene expression as well.
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Table 3.1 Core Clock Gene Upregulation in Response to Shift and Shift plus Melatonin in
MCF7 Breast Cancer Cells
Gene

Peak time - shift

CLOCK
BMAL
PER1
PER2

12 hours
4 hours
1 hour
6 hours

Relative fold
change at peak
2.3
4.9
6.1
6.6

Peak time – shift
+ melatonin
24 hours
24 hours
4 hours
24 hours

Relative fold
change at peak
26
4.5
9.9
10.6

The only gene whose relative fold change was not increased when the temperature shift
also included melatonin treatment, was BMAL.

Figure 3.9 Comparative differences in clock gene expression over 24 hours using the shift model
in the absence of added melatonin (From figure 2.11) (n=2).

A separate experiment was performed that directly compared exposure to the temperature
shift to exposure to the temperature shift plus melatonin treatment through an identical seven-day
period: in both groups the cells were subjected to media changes at 21:00 and 09:00 but with or
without melatonin addition overnight. The log Cq values for the amount of gene expression are

85

presented in Figure 3.10. Statistical analysis did not indicate any significant differences between
the overall means for CLOCK, BMAL, PER1, or PER2 expression between the temperature shift
only and the temperature shift plus melatonin conditions. After 12 hours, CLOCK expression
showed a marked increase in expression in the temperature shift plus melatonin condition as
compared to shift only condition, however, the time point differences and the accompanying
variation between replicates did not result in any significant differences between the two
protocols in overall means.

Figure 3.10 Relative gene expression of shift condition (37/34 °C) and shift plus 0.5 nM
melatonin by the log values of their Cq values. Cells were exposed to the temperature shift
protocol in the presence or absence of melatonin treatment for 7 days and then RNA collected at
different time points during the day. The RNA was subjected to RT-qPCR using TaqMan probes
and relative gene expression was measured against the RPS17 reference. Log Cq (2 ΔCq) values
are represented (n=2).
Western blot analysis results for PER1 and PER2 levels indicate that there is increased
expression in the control cells versus cells exposed to the 37/34 °C experimental condition when
melatonin is added from 21:00 to 09:00 daily during a seven-day shift protocol. This parallels the
findings for the changes in expression for most of the cyclins. Therefore, melatonin may not
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significantly change the temporal properties of gene expression but it may confer post
transcriptional, translational, or post-translational modifications of the cyclins or of PER1/PER 2.
There are differences in the expression of PER1 and PER2 between the control plus melatonin
and the temperature shift plus melatonin conditions over the nine time points. In the control
condition, melatonin appears to enhance the expression of both PER1 and PER2 and cells
exposed to the temperature shift plus melatonin demonstrate different peaks from those exposed
to temperature shift alone (Figure 2.13), a finding that is consistent with the RT-qPCR results as
indicated in Table 3.1. While the trends are consistent, significant differences were not achieved.

Figure 3.11 Western blot results from a seven-day shift plus 0.5 nM melatonin from 21:00 to
09:00 experiment. The 37/37 °C control condition experiment with time in hours and time 0
representing the time at 09:00. The experimental condition of 37/34°C is display on the
righthand side with time 0 = 09:00 when the cells are shifted back to 37°C from 34°C and the
melatonin is removed. These western blots represent results from experiments run parallel to
Figure 3.8.

Melatonin can influence cancer cells differently from non-malignant cells in vitro. This
study demonstrates that exposure to pharmacological (1 mM) concentrations of melatonin
conferred a negative effect on the viability of MCF-7 breast cancer cells as measured by the
MTT assay while having no significant impact on non-malignant breast epithelial cells Figures
3.1 and 3.2. Physiological (1 nM) concentrations of melatonin appeared to confer a significant
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metabolic advantage to non-malignant cells, in that it promoted cell growth as measured by the
MTT assay, which does not occur in cancer cells (Figures 3.1 and 3.2).

The addition of

melatonin for 12 hours per day plus exposure to the temperature shift condition did result in
significant changes in cell cycle kinetics (Figures 3. And 3.5). While melatonin may cause some
changes in the profiles of clock gene expression, it does not appear that the overall impact is
significant.
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3.4 Discussion
Melatonin, at a physiological concentration of 1 nM has previously been shown to have
an anti-proliferative effect on MCF-7 cells and to significantly increase the expression of both
the p53 and p21WAF1 proteins (Mediavilla, Cos, and Sánchez-Barceló 1999). MCF-7 cell growth
is activated by the presence of estrogen (Lee, Oesterreich, and Davidson 2015). Melatonin
interferes with estrogen stimulation of MCF-7 cells (Gonzalez et al. 2008), in a manner not
mediated by direct binding to the ER α but by preventing receptor binding to calmodulin, a
secondary messenger in signal transduction that binds to intracellular calcium, as well as by
disruption of ERα transcription (Del Río et al. 2004). It is quite likely that melatonin exerts its
oncostatic effect through multiple pathways as previous studies have demonstrated that
melatonin delays cell cycle progression, suppresses ERα mRNA transcript levels, and disrupts
ERα activity in hormone positive breast cancers which is mediated through binding to the
membrane-bound MT1 receptor, a G protein coupled receptor (Hill et al. 2011). In this study,
treatment with physiological concentrations of melatonin (1 nM) did not show an impact on
MCF-7 metabolism or affect cell proliferation, while pharmacologic concentrations (1 mM) did
inhibit MCF-7 cell proliferation. The differences from published experiments may be due to the
use of a longer duration of melatonin exposure in this experiment and/or because different MCF7 cell sources or subtype were used. However, treatment of HBL-100 cells, a non-neoplastic
breast epithelial cell line, with a pharmacological concentration of melatonin had no adverse
effects while treatment with a physiological concentration was beneficial and promoted HBL100 cell proliferation. This confirms previous work where treatment with melatonin exerted a
differential impact on malignant versus non-malignant cells perhaps through down-regulating
autophagy and promoting tumor cell death (Sagrillo-Fagundes, Bienvenue-Pariseault, and
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Vaillancourt 2019). Melatonin’s anti-proliferative effect is concentration dependent (Hill and
Blask 1988).
Melatonin’s anti-proliferative effect can also be due to its impact on cell cycle kinetics.
The results of this study are consistent with previous results which demonstrate that melatonin
causes a delay in the G1/S transition and thus a higher proportion of melatonin-treated cells are
present in the G1 phase of the cell cycle (Cos et al. 1991). The results of this study are
significant because they further validate the temperature shift model and show that cells exposed
to a combination of melatonin and the temperature shift condition provides different results than
cells exposed to the temperature shift condition alone with respect to cell cycle kinetics (Figures
2.5 and 2.6 versus Figures 3.4 and 3.5). The induction of p53 by melatonin may also result in G1
arrest and this pathway is activated by DNA damage (Miki et al. 2013). MCF-7 cells do contain
a functional p53 gene: although many cancer cells do not possess p53 activity, in MCF-7 cells
p53 is not the functional pathway when apoptosis is triggered (Fan et al. 1995). Treatment with
melatonin also significantly increases the cell cycle duration in MCF-7 cells (Cos, Recio, and
Sánchez-Barceló 1996). The impact of melatonin on the expression levels of the cyclins, key
components in the regulation of the cell cycle, were also examined. The expression levels of
many cyclins are known to be dysregulated in cancer cells (Siu, Rosner, and Minella 2012) with
the over-expression of cyclin B1 being relatively common in breast cancer where its level of
expression is reported to be linked to tumor aggressiveness (Aaltonen et al. 2009). This would
explain our results that show a high level of cyclin B1 expression as measured by western blot
analysis in both the control and temperature shifted experimental cells even in the presence of
melatonin (Figure 3.6). However, cyclin B1 appears to be expressed at a lower level in the
temperature shift plus melatonin-treated cells. In fact, all of the cyclins, with the exception of
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cyclin E, appear to be decreased by exposure to the temperature shift condition rather than by
treatment with melatonin alone (Figure 3.6). Cyclin E combines with Cdk -2 to promote entry of
the cell into the S phase so its increased expression in the temperature shift plus melatonin
condition is not consistent with our observation of an increased proportion of cells in G1 (Siu,
Rosner, and Minella 2012). However, decreased cyclin D1 expression is consistent with a
prolonged G1 phase (Zhou et al. 2016), as is observed in the temperature shift plus melatonin
condition, shown in Figure 3.6. Melatonin blocks the recruitment of the transcriptional
coactivator p300 to the cyclin D1 promoter (Hill et al. 2011). MCF-7 cells have been identified
as unique in that they are ERα positive and concomitantly over-express cyclin E (Gray-Bablin et
al. 1996). It is possible that the results here are more reflective of an aberrant cell line where the
cell cycle activity is complex and dysregulated such that exposure to both the temperature shift
and melatonin conditions have a seemingly contradictory impact on cyclin expression. Clearly
in this case the over-expression of cyclin E is not a factor in the observed delay into S phase
entry. It was demonstrated in Figure 2.14 that p21 expression in MCF-7 cells is increased by the
temperature shift and p21 is a potential inhibitor of all the CDK – cyclin complexes (Xiong et al.
1993). Melatonin has previously been shown to increase the expression of p21 in MCF-7 cells
(Mediavilla, Cos, and Sánchez-Barceló 1999) so it is possible that the combined effect of
temperature shift plus melatonin treatment resulted in the increased proportion of cells in G1.
The appearance of a high proportion of cells in the G2/M phase as observed in the flow
cytometry histograms in Figure 3.3 for both the control and experimental conditions in response
to melatonin treatment could be due to an impact on cyclin B1/CDK1 activity mediated by p53
(Aaltonen et al. 2009) (Mediavilla, Cos, and Sánchez-Barceló 1999) which would normally
delay the transition to mitosis. Melatonin at physiological concentrations also decreases
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telomerase activity, an enzyme which contributes to chromosomal lengthening and maintains cell
immortalization in MCF-7 cells which could also decrease proliferation (Leon-Blanco et al.
2003).
As demonstrated in Figures 2.11 and 3.9, exposure of cells to the temperature shift
protocol can increase the expression of clock genes in MCF-7 cells. While the addition of
melatonin did not significantly increase the expression of these genes, there were differences
between the peak expression time points for PER1, PER2, CLOCK, and BMAL. CLOCK
expression was increased by10-fold in the temperature shift and melatonin condition compared
to the temperature shift only condition, as summarized in Table 3.1. This was reproduced in a
second experiment that compared the temperature shift to the temperature shift and melatonin
condition although in this case the protocol also involving a media change for the shifted cells at
both 21:00 and 09:00 in an effort to control for the potential impact of a media change on its
own. The results in this study for MCF-7 cells exposed to the temperature shift model and
melatonin are not consistent with the results reported by other investigators for exposure of
MCF-7 cells to a serum shock synchronization followed by exposure to 1 nM melatonin (Xiang
et al. 2012). In this case the serum shock plus melatonin had a differential effect on clock gene
expression and the oscillation pattern and amplitude of the CLOCK gene was not impacted by
the presence of melatonin (Xiang et al. 2012). This same paper demonstrated that melatonin
plus or minus exposure to the serum shock condition upregulated PER 2 and down regulated
BMAL and RORα1. RORα1 is a nuclear orphan receptor and treatment with melatonin
decreases it transcriptional activity in MCF-7 cells (Dai et al. 2001). While BMAL expression
was increased in response to exposure to the temperature shift plus melatonin condition in these
experiments, the fold change in expression was less than exposure to the temperature shift alone
92

(Table 3.1). The data from this current study also indicated that melatonin plus temperature shift
results in greater expression of PER1, PER2, and CRY2 (Table 3.1) and the results of western
blot analysis indicate that melatonin on its own can increase the expression of the PER protein at
least in the control condition (Figure 3.11). This is consistent with the results of Xiang et al.
(2012) where exposure to a serum shock plus melatonin treatment increased PER1, PER2, and
CRY 2 expression and treatment with melatonin on its own, with no prior serum shock,
significantly increased PER2 expression compared to its normal baseline expression which is
below the limit of detection in MCF-7 cells. Therefore, melatonin may impact PER2 expression
independent of temperature shift or serum shock synchronization.
Melatonin may influence clock gene expression in MCF-7 cells directly through
interaction with nuclear receptors (Dai et al. 2001), through the interruption of the estrogen
signaling pathways (Menéndez-Menéndez and Martínez-Campa 2018), or through a combination
of both. MCF-7 cells express the G-protein coupled membrane receptor, M 1 (Ram et al. 1998).
Melatonin may impact clock gene expression through a membrane receptor pathway involving
cAMP (Godson and Reppert 1997) or through a regulatory influence on protein degradation and
its products (Vriend and Reiter 2015). Melatonin has many intracellular target proteins and
while no direct binding to clock gene proteins has been identified to date (Liu et al. 2019),
melatonin may influence clock gene expression through down-regulation of signaling pathways
such as cAMP/PKA and Akt or through interaction with other targets (Hill et al. 2011).
Oxidative stress also influences clock gene expression and because melatonin is a potent
antioxidant, it may influence the cellular redox homeostasis, and thereby indirectly regulate
circadian rhythm (Wilking et al. 2013). It is probable that all of these molecular mechanisms
contribute to melatonin’s influence at different times, in different tissues, and on different
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circadian genes (Xiang et al. 2012). The temperature shift model plus the addition of melatonin
has replicated work that indicates that melatonin influences the cell cycle kinetics of MCF-7 cells
in vitro and has the potential to be useful in further mechanistic studies.
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Chapter 4
Chapter 4 Cellular Responses to Melatonin or Chemotherapeutic
Drugs as Measured by Reactive Oxygen Species Production in a
Temperature Shift Model
4.1 Introduction
Aerobic respiration provides for the energy requirements of the mammalian cell. The
process of aerobic respiration uses oxygen to turn carbohydrates and fats into energy, in the form
of adenosine triphosphate (ATP) and primarily involves the transfer of two electron pairs
through a series of reduction-oxidative or redox reactions to oxygen, in the mitochondria
(Turpaev 2002). Part of the normal processes of the electron transport chain (ETC) within the
inner mitochondrial membrane involves the generation of reactive oxygen species (ROS) which
include: hydrogen peroxide (H2O2), single oxygen (1O2), superoxide (O2-), and the hydroxyl
radical (-OH) (Siauciunaite et al. 2019). While small amounts of ROS serve useful cellular
functions, including signal transduction, larger quantities are toxic to the cell since the presence
of unstable free radicals can damage many macromolecules (Finkel 2011). The intracellular
balance of ROS is tightly controlled by enzymatic and non-enzymatic mechanisms and a failure
to effectively detoxify ROS results in oxidative stress for the cell, and if system-wide, for the
organism (Yokoyama et al. 2017).
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There are several non-enzymatic antioxidants that scavenge free radicals including βcarotene, vitamin C, vitamin E, glutathione (GSH), and melatonin (Milkovic et al. 2019) (Lobo
et al. 2010). Melatonin is concentrated in the mitochondria, where the primary source of
electron leakage and superoxide generation occurs (Reiter et al. 2018). Melatonin can act as a
direct scavenger of ROS and can indirectly contribute to optimal redox balance by stimulating
the production of other anti-oxidant enzymes (Reiter et al. 2016) (Manchester et al. 2015).
While the primary source of intracellular ROS production is in mitochondria, reactions involving
the cell membrane and those occurring in the cytosol contribute to total intracellular ROS
generation (Finkel 2011). Extracellular sources of ROS can also accumulate in response to
inflammation or drug and chemical exposure and metabolism (Snezhkina et al. 2020).
Enzymatic degradation of ROS within the cell is compartmentalized; with NAD(P)H oxidases
specific to the cell membrane, superoxide dismutase (SOD1) in the cytoplasm, and SOD2
containing manganese in the mitochondria (Turpaev 2002). This subcellular specialization helps
to manage free radicals, to minimize the risks of free radical damage, and to facilitate the
generated signaling processes, which drives a third feature of free radical regulation - the upregulation of genes required for enzyme production (Liu et al. 2005). A group of antioxidants
that function outside of the cytoplasmic peroxisomes or lysosomes, are called the peroxiredoxins
and provide essential redox buffering as well (Finkel 2011).
ROS can damage macromolecules through the oxidation of proteins, including
transcription factors, kinases, and phosphatases with the exposed cysteine residues being
particularly vulnerable, through the peroxidation of lipids, and through DNA adduct formation
(Milkovic et al. 2019). The ability of ROS to promote genomic instability through DNA damage
has historically led to the idea that an excess of ROS is a key contributor to carcinogenesis
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(Idelchik et al. 2017). However, the ability of ROS to activate the key cellular signaling
pathways that activate cell growth and proliferation including NRF2/KEAP 1, NF-κβ,
PI3K/AKT, and MAP kinase are now elucidated as contributing factors to carcinogenesis (Ray,
Huang, and Tsuji 2012). Increased ROS levels are a feature of malignant cells (Weinberg and
Chandel 2009). However, very high levels of ROS can induce cell senescence and apoptosis in
malignant cells and malignant cells are as susceptible to damage by extracellular sources of ROS
such as ionizing radiation, drugs, and ultraviolent light as are normal cells (Milkovic et al. 2019).
The circadian regulation of ROS and their generation is interrelated with the ability of
ROS to impact clock genes (Stangherlin and Reddy 2013). The ratio of the oxidized and reduced
forms NAD+/NADH and NADP+/NADPH influence the DNA binding efficiency of both
CLOCK and BMAL (Stangherlin and Reddy 2013) (Liu et al. 2005). Mitochondrial respiration
and mitochondrial number and dynamics are under circadian control (De Goede et al.
2018)(Ezagouri and Asher 2018) (Peek et al. 2013). Non-transcriptional control of clock
rhythms have been demonstrated in response to the circadian redox cycling of the peroxiredoxins
in human red blood cells; cells that have no nucleus or mitochondria (O'Neill and Reddy 2011).
Mitochondria are the only mammalian subcellular organelle that contains DNA (mtDNA), which
encodes for thirteen mitochondrial proteins, and mutations in mitochondrial number and DNA
are common in cancer cells (Idelchik et al. 2017). Chemically-derived mitochondrial deficient
Rhø cells are reported not to generate ROS (Kalghatgi et al. 2013) (Weinberg and Chandel
2009). Interestingly, mtDNA-depleted cells have a poor ability to form tumors in mice but this
can be restored with transfer of donor mtDNA from malignant cells (Dong et al. 2017). ROS
levels increase during cell cycle progression and dampening of ROS with a mitochondrial
antioxidant, causes G1 arrest (Weinberg and Chandel 2009). Therefore, mitochondria, ROS
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production, and the management of redox homeostasis in the cell are important considerations in
tumor initiation and progression. To investigate the impact of the temperature shift model on
ROS production, MCF-7 breast cancer cells were exposed to an antioxidant (melatonin) or
known ROS generators (chemotherapeutic drugs) and their cellular responses observed.
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4.2 Materials and Method
Cell culture
A human hormone responsive breast cancer cell line, MCF-7 cells, originally obtained
from the American Type Culture Collection (ATCC) were maintained in Hyclone Debucco’s
Modified Eagle Media (DMEM) with high glucose (GE Lifesciences) and supplemented with
10% fetal bovine serum (FBS) and 1% antibiotic and antimycotic solution® (A&A) (Fisher).
The cells were maintained in a humidified environment at 37 o C and 5% CO2.
Experimental protocols
Cell viability was measured using the 3-(4,5-dimethylthiazol-2-yl) -2,5 –
diphenyltetrazolium bromide assay (MTT) assay. MCF-7 cells were seeded with 2,000
cells/well in a 96 well plate, and 100 μl media was added to each well on day 1 of the
experiment. Triplicate plates were prepared. The cells were subjected to three conditions; a
control condition of 37/37° C, 37/34° C (the experimental condition where the plates were
shifted to a 34°C incubator at 21:00 and returned to 37°C at 09:00), and a 34/34° C comparative
condition. On day 3 at 09:00, each well per plate received a further 100 μl of media containing
drugs such that the final concentrations were as follows:
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Column 1 – no melatonin or drug – control
Column 2 – melatonin (n- acetyl – 5 – methoxytryptamine, Santa-Cruz Biotechnology), 1nM
Column 3 – melatonin, 10 nM
Column 4 – melatonin, 100 nM
Column 5 – melatonin, 100 μM
Column 6 - docetaxel, 2.5 ng/ml
Column 7 - cisplatin, 22.9 μM
Column 8 – doxorubicin, 0.00984 μM
Column 9 – 0.5% ethanol (positive control)
The concentrations of docetaxel, cisplatin, and doxorubicin were selected based on
published inhibitory concentration or IC50 values (Genomics of Drug Sensitivity in Cancer –
Sanger Institute). After 24-hours of melatonin or drug exposure, an MTT assay was performed
on day 4 using the lab protocol where 5 pg/well MTT was added each day of the assay and the
replicate plate and incubated at 37o C for 3 hours. Then the media was removed and replaced
with 100 μl of dimethyl sulfoxide (DMSO) to solubilize the formazan product crystals. The
plate wells were read at 540 nm wavelength on a Synergy® H4 Hybrid plate reader (Biotek)
using Gen 5, version 2.00 software. The average absorbance of the triplicate experiments is
reported along with the standard error of the mean (SEM).
Microscopy
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MCF-7 cells were seeded onto 6 well plates and different plates were exposed to 3
separate conditions: 2 plates were exposed to the control condition of 37/37° C; 2 plates were
exposed to an experimental condition of 37/34° C, where the plates were shifted to a 34° C
incubator at 21:00 and returned to 37° C at 09:00; and, 2 plates were exposed to a comparative
condition of 34/34° C. On day 4 at 09:00, 4/6 wells in each plate received either docetaxel at a
final concentration of 2.5 ng/ml or 5.0 ng/ml or melatonin at a final concentration of 1 nM or 10
nM, for 24 hours and 1/6 wells in each plate remained as a control. On day 5 the remaining well
received 12.5 μM of 30% hydrogen peroxide (H2O 2) for 30 minutes as a positive control. After
a 30-minute incubation, all of the wells were washed with 37° C PBS, pH 7.4, and 1 ml of
phenol-free FluoroBrite® DMEM media (Gibco) was added per well. For each condition, one
plate received 2 μl/ml CellROX® Orange reagent (Thermo Fisher Scientific) and was incubated
at 37° C for 30 minutes, as per the manufacturer’s protocol, with 2 drops/ml of NucBlu® Live
Ready Probe® stain (Thermo Fisher Scientific) added for the last 10 minutes. The second,
duplicate plate received 1μl/ml MitoSOX Red Mitochondrial Superoxide Indicator® (Thermo
Fisher Scientific) and was incubated at 37° C for 15 minutes, as per the manufacturer’s protocol,
with 2 drops/ml of NucBlu® Live Ready Probe® stain (Thermo Fisher Scientific) added for the
last 10 minutes. Images were captured using an Olympus fluorescence microscope model DP80
with the manufacturer’s CellSens Dimension software. Final image capture used the TritC/
DAPI overlay filter set for detection of the fluorescence dyes.
In a second experiment, MCF-7 cells were seeded at 50,000 cells /well onto 6 well plates
and the individual plates were exposed to 3 conditions: 2 plates were exposed to the control
condition of 37/37° C; 2 plates were exposed to an experimental condition of 37/34° C, where
the plates were shifted to a 34° C incubator at 21:00 and returned to 37° C at 09:00; and, 2 plates
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were exposed to a comparative condition of 34/34° C. On day 4 at 09:00, 4/6 wells in each plate
received melatonin at a final concentration of 1 nM or 100 μM or cisplatin or doxorubicin at a
final concentration corresponding to their respective IC 50 values and 1 well in each plate received
0.5% ethanol and one well remained as a negative control. On day 5, all the wells were washed
with 37° C PBS, pH 7.4, and 1 ml of phenol-free FluoroBrite® DMEM media (Gibco) was
added. For each condition, one plate received 2 μl/ml CellROX® Orange reagent (Thermo
Fisher Scientific) and was incubated at 37° C for 30 minutes, as per the manufacturer’s protocol,
with 2 drops/ml of NucBlu® Live Ready Probe® stain (Thermo Fisher Scientific) added for the
last 10 minutes. The second duplicate plate received 1μl/ml MitoSOX Red Mitochondrial
Superoxide Indicator® (Thermo Fisher Scientific) and was incubated at 37° C for 15 minutes, as
per the manufacturer’s protocol, with 2 drops/ml of NucBlu® Live Ready Probe® stain (Thermo
Fisher Scientific) added for the last 10 minutes. Images were captured using an Olympus
fluorescence microscope model DP80 with the manufacturer’s CellSens Dimension software.
The final image capture separately recorded the TritC and DAPI filtered images, as the overlay
made a comparison between the CellROX Orange and the MitoSOX Red images for each
condition difficult.
Protein extraction and Western Blotting
Cell lysates were subjected to immunoblot analysis for the transcription factor for
mitochondrial (TFAM). The proteins from MCF-7 cells were extracted from cells plated on to
100 mm tissue culture plates. The cells were subjected to three separate conditions which
included: a control condition of cells at 37/37° C; the 37/34° C experimental condition where the
plates were shifted to a 34° C incubator at 21:00 and returned to 37° C at 09:00; and, a 34/34° C
comparative condition. After 3 days, the cells were exposed to 22.9 μM cisplatin for 24 hours
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with control plates for each temperature condition treated in the absence of drug. Whole cell
lysates were then collected. The cells were washed with ice cold PBS, pH 7.4, and whole cell
lysates collected in 300 μl of ice cold radioimmunoprecipitation assay (RIPA) buffer containing
150 mM sodium chloride, 15 mM sodium phosphate, pH 7.4, 1% Triton X-100, 0.5% sodium
dodecyl sulfate (SDS), 0.5% sodium deoxycholate, 10 mM sodium fluoride (NaF), 10 mM
sodium orthovanadate, and protease inhibitors (Thermo Scientific TM PierceTM Protease Inhibitor
Tablets). All reagents were obtained from Fisher Scientific unless otherwise indicated. The cell
lysates were collected using a plastic cell scraper and the DNA and cytoskeletal proteins sheared
by passage through a 22 gauge needle several times and then stored at -80 0 C. Protein
quantification was done using the bicinchoninic acid (BCA) assay (Thermo Scientific TM
PierceTM BCA Protein Assay Kit) with bovine serum albumin as the standard and read using a
Synergy® H4 Hybrid plate reader (Biotek) using Gen 5, version 2.00 software. Electrophoresis
was performed using 25 μg of protein loaded per lane onto a 15 % polyacrylamide gel containing
SDS. After electrophoresis, the gels were transferred onto nitrocellulose membranes using a
semi-dry transfer apparatus in 192 mM glycine, 25 mM Tris-HCl, pH 8, and 20% methanol, and
protein transfer was confirmed by staining the blots with 0.1% Ponceau S in 1% acetic acid. The
membranes were blocked by incubation in 5% low fat milk in TBST overnight at 4 0 C. Primary
antibodies against TFAM at a dilution of 1:200 and GAPDH at a dilution of 1:2000 (Santa Cruz
Biotechnology) were incubated in 5% low fat milk in TBST, overnight at 4 0 C. Secondary
antibody-HRP conjugates were incubated with the blots at a dilution of 1:10,000 for 2 hours at
room temperature. Chemiluminescent detection of the HRP was detected using the Thermo
ScientificTM enhanced chemiluminescence (ECL) detection reagents and exposure to
radiographic film.
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4.3 Results
The MTT assay was used to investigate the effects of exposure to the temperature shift
protocol and or the control condition on MCF-7 cells when challenged with a 24-hour exposure
to chemotherapeutic drugs or an antioxidant (melatonin) on cellular metabolism and cell
viability. Varying concentrations of melatonin were used for comparison. The results displayed
in Figure 4.1. show two aspects to consider. The first is that there was a significant difference in
cell viability between cells treated with the 37/37° C control condition versus the 37/34° C
experimental condition: the temperature shift resulted in significantly less absorbance therefore
inferring less cell viability or a decreased metabolic ability to convert MTT to formazan. The
lower MTT value exists for the cells treated with the negative control (as in no melatonin or
drug) condition, 10 nM melatonin, docetaxel, cisplatin, doxorubicin, and the positive (0.5%
ethanol as detailed in the materials and methods) control. This is consistent with the data in
Figures 2.1 and 2.3 where the temperature shift was shown to impact MCF-7 cell viability. It is
interesting that for all of the chemotherapeutic and ethanol conditions, except docetaxel, the
effect of the temperature shift was not significantly from the no treatment control (as in no
melatonin or drug). This confirms that with the exception of docetaxel, this difference in cell
viability is a temperature-shift effect. For each treatment with chemotherapeutic drug or ethanol,
including the addition of docetaxel, the absorbance of cells treated with the 37/37° C condition
was not significantly different from the negative control treatment (as in no drug or melatonin).
The temperature shift condition plus docetaxel treatment results in increased MTT-dependent
absorbance as compared to the no treatment 37/34°C and therefore presumably a metabolic
advantage and increased cell number.
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Figure 4.1 MCF-7 cells proliferation as measured by MTT assay on day of shift experiment and
after 24 hours of melatonin or drug exposure. Cultures of MCF-7 cells were treated with 1 nM,
10 nM, 100 nM, or 100 μM melatonin or docetaxel, cisplatin, or doxorubicin on day 1 and the
viability of the cultures was measured on day 2 using an MTT assay. The Y axis denotes the
relative absorbance of the active product, formazan (n=3, p<0.05). The * where noted denotes
statistical difference between the 37/37 and the 37/34 conditions the * surrounded by the yellow
box denotes statistical difference between the 37/37 no treatment control and the 37/37 of that
specific melatonin concentration results.

The second important aspect shown by the data is that treatment with melatonin has an
effect on cell metabolism or cell viability. Treatment of cells with melatonin at concentrations of
1 nM, 100 nM, or 100 μM did not cause a significant difference in viability between cells
exposed to the control 37/37°C condition, and the experimental 37/34° C condition. The
addition of these concentrations of melatonin were sufficient to reverse the inhibition of MTT
activity shown by cells exposed to the temperature shift condition. The MTT activity for cells
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exposed to the control 37/37° C condition and treated with melatonin concentrations of 1 nM and
100 nM also exhibited significantly greater absorbance than cells exposed to the 37/37° C
condition in the absence of melatonin, indicating that this is likely a melatonin effect rather than
a temperature shift effect.
In order to examine for any differences in ROS production between the control and
experimental temperature shift conditions, and to determine whether the production of the ROS
showed any subcellular localization to the mitochondria after drug or melatonin treatment, a
selection of fluorescent-based probes was used. The main source of the superoxide (O 2 -)
molecule is mitochondrial due to electron leakage during oxidative phosphorylation. The
MitoSOX Red Mitochondrial Superoxide Indicator® preferentially binds to O 2 - and is expected
to stain mitochondria. CellROX Orange® binds to H2O2, -OH, and O2 – and reflects total
cellular ROS. Based on a qualitative comparison of images displayed in Figure 4.2, exposure of
MCF-7 cells to the temperature shift condition (37/34°C) induced the production of total cellular
ROS in the cytosol, cell membrane, and mitochondrial compartments. Exposure of MCF-7 cells
to the 37/37° C control condition did not promote any significant ROS production. The
comparative condition, 34/34° C, where cells are kept at suboptimal temperature conditions, also
induced production of total ROS and part of this is a mitochondrial contribution. These findings
are displayed in Figures 4.2 and 4.3. This demonstrates that part of the mechanism of action of
the temperature shift may be due to ROS induction but this does not appear to be attributable to
an impact on oxidative phosphorylation in the mitochondria as the superoxide molecule was not
detected in the 37/34 °C shift condition (Figure 4.3).
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Figure 4.2 No treatment control of MCF-7 cells as imaged using CellROX Orange® and
NucBlue® with the left panel representing the 37/37° C control condition, the middle panel
representing the 37/34° C experimental condition, and the right panel image representing the
34/34° C comparative condition (n=3).

Figure 4.3 No treatment control of MCF-7 cells as imaged using MitoSOX Red Mitochondrial
Superoxide Indicator® and NucBlue ® with the left panel representing the 37/37° C control
condition, the middle panel representing the 37/34° C experimental condition, and the right panel
image representing the 34/34° C comparative condition (n=3).
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MCF-7 cells exposed to docetaxel for 24 h either at the IC 50 concentration or at 2 times
that concentration (5.0 ng/ml) produced cellular ROS at all three experimental temperature
conditions. The source of the ROS production appeared to be primarily non-mitochondrial. The
results are displayed in Figures 4.4, 4.5, 4.6, and 4.7.

Figure 4.4 Treatment of MCF-7 cells after a 24 hour exposure to 2.5 ng/ml docetaxel as imaged
using CellROX Orange® and NucBlue® with the left panel representing the 37/37° C control
condition, the middle panel representing the 37/34° C experimental condition, and the right panel
image representing the 34/34° C comparative condition (n=3).

Figure 4.5 Treatment of MCF-7 cells after a 24 hour exposure to 2.5 ng/ml docetaxel as imaged
using MitoSOX Red Mitochondrial Superoxide Indicator® and NucBlue® with the left panel
representing the 37/37° C control condition, the middle panel representing the 37/34° C
experimental condition, and the right panel image representing the 34/34° C comparative
condition (n=3).
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Figure 4.6 Treatment of MCF-7 cells after a 24 hour exposure to 5.0 ng/ml docetaxel as imaged
using CellROX Orange® and NucBlue® with the left panel representing the 37/37° C control
condition, the middle panel representing the 37/34° C experimental condition and the right panel
image representing the 34/34° C comparative condition (n=3).

Figure 4.7 Treatment of MCF-7 cells after a 24 hour exposure to 5.0 ng/ml docetaxel as imaged
using MitoSOX Red Mitochondrial Superoxide Indicator® and NucBlue® with the left panel
representing the 37/37° C control condition, the middle panel representing the 37/34° C
experimental condition, and the right panel image representing the 34/34° C comparative
condition (n=3).

Therefore, exposure to the chemotherapeutic drug, docetaxel, increased total cellular
ROS but not through mitochondrial sources. Exposure to physiological concentrations of
melatonin (1 nM) caused MCF-7 cells to produce detectable levels of cellular ROS in all the
temperature conditions as shown in Figure 4.8. However, there appeared to be a gradient of
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response with the 34/34° C comparative condition demonstrating the greatest induction of ROS,
then the temperature shift condition, followed by the control condition. The mitochondrial
contribution to ROS production can be observed to be minimal except for the control condition
of 37/37° C where the superoxide molecule is detectable. This is demonstrated in Figure 4.9. It
appears that at a 1 nM concentration, melatonin is acting as a pro-oxidant in MCF-7 cells at all
temperature conditions, however, at that concentration the amount of mitochondrial ROS
produced by cells treated with the temperature shift condition or at the suboptimal temperature
was very low. The MTT assay (Figure 4.1) results suggest that at 1 nM melatonin there is a
benefit to the cell that is dependent on the presence of hormone but not on treatment with the
temperature shift. Figure 4.9 suggests that this benefit could be related to decreased superoxide
production in the mitochondria.

Figure 4.8 Treatment of MCF-7 cells after a 24 hour exposure to 1 nM melatonin as imaged
using CellROX Orange® and NucBlue® with the left panel representing the 37/37° C control
condition, the middle panel representing the 37/34° C experimental condition, and the right panel
image representing the 34/34° C comparative condition (n=3).
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Figure 4.9 Treatment of MCF-7 cells after a 24 hour exposure to l nM melatonin as imaged
using MitoSOX Red Mitochondrial Superoxide Indicator® and NucBlue® with the left panel
representing the 37/37° C control condition, the middle panel representing the 37/34° C
experimental condition, and the right panel image representing the 34/34° C comparative
condition (n=3).

The response of the MCF-7 cells to 10 nM melatonin is different in two ways. First,
although cells treated with 10 nM melatonin and subjected to all three temperature shift
conditions demonstrated cellular ROS production, the gradient has shifted such that the greatest
induction of ROS is in cells treated with the 34/34 °C condition and the cells maintained at the
37/37°C control condition had comparatively more ROS induction than cells treated with the
temperature shift condition. This is displayed in Figure 4.10. At 10 nM, melatonin appeared to
function as a pro-oxidant in MCF-7 cells.

Figure 4.10 Treatment of MCF-7 cells after a 24 hour exposure to 10 nM melatonin as imaged
using CellROX Orange® and NucBlue® with the left panel representing the 37/37° C control
condition, the middle panel representing the 37/34° C experimental condition, and the right panel
image representing the 34/34° C comparative condition (n=3).
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When the cells were treated with 10 nM melatonin there appeared to be very little
mitochondrial sourced ROS production in any of the conditions as shown in the images in Figure
4.11. Therefore, it appears that the pro-oxidant effect induced by treatment with 10 nM
melatonin is generated from non-mitochondrial sources.

Figure 4.11 Treatment of MCF-7 cells after a 24 hour exposure to l0 nM melatonin as imaged
using MitoSOX Red Mitochondrial Superoxide Indicator® and NucBlue® with the left panel
representing the 37/37° C control condition, the middle panel representing the 37/34° C
experimental condition, and the right panel image representing the 34/34° C comparative
condition (n=3).

Hydrogen peroxide was used as a positive control in this experiment but had an impact
on cell viability despite using referenced IC50 values (12.5μM) so that the total number of
remaining cells was very low. The total cellular ROS response was positive despite the low
number of surviving cells, with no mitochondrial source signal for the shift condition as seen in
Figures 4.12 and 4.13.
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Figure 4.12 Treatment of MCF-7 cells after a 24 hour exposure to 12.5 μM H 2O2 as a positive
control as imaged using CellROX Orange® and NucBlue® with the left panel representing the
37/37° C control condition, the middle panel representing the 37/34° C experimental condition,
and the right panel image representing the 34/34° C comparative condition but with no DAPI
stain (n=3).

Figure 4.13 Treatment of MCF-7 cells after a 24 hour exposure to 12.5 μM H 2O2 as a positive
control as imaged using MitoSOX Red Mitochondrial Superoxide Indicator® and NucBlue®
with the left panel representing the 37/37° C control condition, the middle panel representing the
37/34° C experimental condition, and the right panel image representing the 34/34° C
comparative condition phase contrast only. No viable cells were imaged for the 37/37° C control
condition(n=3).
The results of the MTT assays suggests that cells treated with the temperature shift plus
chemotherapy drug or ethanol results in decreased cell metabolism and viability and that this
effect is due to the temperature shift (Figure 4.1). From Figures 4.4- 4.7, it is shown that
treatment of MCF-7 cells with docetaxel increases total cellular ROS under any condition. These
results are expected as chemotherapeutic drugs are known to increase ROS production
(Yokoyama et al. 2017).
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Since the changes in cell viability in response to exposure to drug plus the temperature shift
condition are primarily a response to the temperature shift, based on Figure 4.1, it was decided to
compare intracellular sources of ROS in cells treated with a temperature shift in combination
with either cisplatin or doxorubicin. Cisplatin treatment at IC 50 concentration (22.9 μM),
appears to induce mitochondrial ROS almost exclusively as shown in Figure 4.14. This result
was anticipated as cisplatin preferentially binds to mtDNA and promotes adduct formation (Hu
et al. 2016).

B

A

Figure 4.14 MCF-7 cells as imaged using A = CellROX Orange® at 37/34° C and B =
MitoSOX Red Mitochondrial Superoxide Indicator® at 37/34° C after 24 exposure to 22.9 μM
cisplatin ( n=3).
Doxorubicin at the IC50 concentration (0.00984 μM) induced both total cellular and
mitochondrial ROS in MCF-7 cells exposed to the temperature shift as seen in Figure 4.15.
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B

A

Figure 4.15 MCF-7 cells as imaged using A = CellROX Orange® at 37/34° C and B =
MitoSOX Red Mitochondrial Superoxide Indicator® at 37/34° C after 24 exposure to 0.00984
μM doxorubicin (n=3).
Ethanol, at a concentration of 0.5%, provided a more favorable positive control as compared
to hydrogen peroxide for the shift condition as seen in Figure 4.16 as there is a fluorescence
signal detected for total cellular and mitochondrial ROS and a larger proportion of viable cells.
ROS production occurs as cells metabolize ethanol provided that the concentration of ethanol is
sufficiently high to activate detoxification systems (Gonthier et al. 2004).

A

B
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Figure 4.16 MCF-7 cells as imaged using A = CellROX Orange® at 37/34° C and B =
MitoSOX Red Mitochondrial Superoxide Indicator® at 37/34° C after 24 exposure to 0.5%
ethanol as a positive control (n=3).

In order to further investigate if the apparent targeting of the mitochondria by cisplatin
would be reflected in mitochondrial signaling to the nucleus, MCF-7 cells were exposed to the
chemotherapeutic drug for 24 hours and then probed for the presence of the nuclear-located
transcription factor for mitochondrial proteins (TFAM). The results are presented in Figure 4.17.

Figure 4.17 Western blot of MCF-7 cells after exposure to 24 hours of 22.9 μM cisplatin
(positive) or no cisplatin (negative) with antibody detection for TFAM and GAPDH as a loading
control.

Cisplatin-treated cells exposed to all three temperature shift conditions had increased
levels of TFAM as compared to cells treated in the absence of cisplatin. The chemotherapeutic
drug at the concentration used also increased the superoxide production to increase
mitochondrial ROS. The increased ROS production and/or the mtDNA damage may signal to
the nucleus to increase the transcription of TFAM which is the main nuclear encoded
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transcription factor for mitochondrial proteins. It is possible that the superoxide molecule is part
of the signaling pathway that regulates mitochondrial function.
Treatment with the temperature shift plus chemotherapeutic drugs impairs MCF-7
metabolism and this appears to be primarily a temperature shift effect (Figure 4.1). The response
is similar for melatonin at 10 nM but not at the other concentrations. Melatonin at 10 nM is a
pro-oxidant increasing H2O2 and -OH but not superoxide production (Figures 4.10 and 4.11).
Different concentrations of melatonin appear to have different effects as while at 1 nM
concentration melatonin is also pro-oxidant (Figure 4.8) it increases superoxide production in
some conditions (Figure 4.9). Chemotherapeutic drugs increase intracellular ROS with different
drugs having different intracellular effects. Cisplatin increases mitochondrial ROS and TFAM
transcription and this relationship suggests that mitochondrial damage is relayed to the nucleus
and may be mediated by ROS production.
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4.4 Discussion
The paradigm for understanding the role of cellular reactive oxygen species (ROS)
production and homeostasis has shifted. Previously, any positive contribution of ROS was
underappreciated since ROS were largely considered to be mutagenic or toxic. Currently, the
importance of low levels of ROS as signaling molecules in normal cells and the relative higher
amounts maintained by cancer cells is garnering interest (Idelchik et al. 2017). Tumor cells
utilize ROS as signaling molecules to maintain proliferation and tumorgenicity and to evade
senescence and apoptosis (Weinberg and Chandel 2009). However, even cancer cells must
maintain an optimal balance in the threshold levels of ROS production or face cell death
(Porporato et al. 2018) (Turpaev 2002). There are limited reports on the ability of
chemotherapeutic agents to induce ROS in malignant cells and it appears that compounds differ
in this ability (Yokoyama et al. 2017).
In order to further study ROS induction by treatment of MCF-7 cells with
chemotherapeutic agents and to determine if the temperature shift model impacted this effect,
MTT assays and microscopy using fluorogenic probes that measure intracellular ROS production
were used. The relative absorbance produced by cells assessed with the MTT assay reflects the
viable cells’ ability to metabolize formazan and so an increased absorbance is correlated with
increased metabolism and therefore indirectly, an increase in cell viability. It appears that after
24 hours of drug treatment, the cells were still viable, as expected since cells typically die 48-72
hours after exposure to chemotherapeutic drugs at their IC 50 concentrations. Exposure of cells to
the temperature shift condition produced significantly less MTT-mediated absorption for cells
treated with only media (the negative control), 10 nM melatonin, all of the chemotherapy drugs,
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and the positive control (ethanol) conditions as compared to cells exposed to the 37/37° C
control condition (Figure 4.1). This would suggest a reduction in cell metabolism or cell
viability that is mediated by exposure to a temperature shift rather than by treatment with a
chemotherapeutic drug or melatonin at the 10 nM concentration. The melatonin concentrations
of 1 nM, 100 nM, or 100 μM did not display any significant differences in MTT absorbance
between the 37/37° C and 37/34° C conditions. However, treatment of temperature-shifted cells
with those concentrations of melatonin increased the amount of MTT activity compared to the
negative control (no melatonin or drug) at 37/34° C, inferring some sort of beneficial impact of
melatonin for those shifted cells. Docetaxel had the same significant effect for the temperature
shift plus drug treatment as compared to the 37/34° C condition in the absence of drug which
indicates that docetaxel appears to impart some metabolic benefit, at least in the short term
(Figure 4.1). Figure 3.1 supports the result that differing concentrations of melatonin can
produce different effects. In Figure 3.1, the relative absorbance of the MTT assay was measured
after four days of melatonin exposure and for cells grown at a constant 37° C temperature, with
no temperature shift. It is possible that the duration of treatment produces some differences in
response as well as the concentration of melatonin. It is interesting that at some concentrations,
melatonin seemed to have a beneficial effect on cell metabolism and viability for both the control
and the temperature shift conditions as compared to the negative control in MCF-7 breast cancer
cells. The conclusion is that for those concentrations, the change in viability is a melatonin
effect. It is possible that the shift protocol imparts some metabolic stress on the cell which in the
long-term decreases cell growth which can be rescued in the short-term by treatment with
melatonin. Oxidative stress in MCF-7 cells, has been demonstrated to decrease cell proliferation
(Weinberg and Chandel 2009) and melatonin could act as an antioxidant to ameliorate that stress
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(Turpaev 2002). If exposure of cells to the temperature shift protocol induced ROS as suggested
by Figure 4.2, then melatonin may add a protective effect which has important therapeutic
implications. Anti-cancer therapies that depend on ROS production as a mechanism of action
may be undermined by the concurrent use of antioxidants such as melatonin.
Fluorogenic probes can be used to detect and measure cellular ROS production
(Yokoyama et al. 2017)(Kalghatgi et al. 2013)(Robinson et al. 2006). The principle by which
these permeable probes can be used to image live cells is based on the reduced form of the dye
being weakly fluorescent but upon entering the cell and being oxidized by ROS it will emit
brighter, detectable signals (Yokoyama et al. 2017). Depending on the reagent used, the
production of ROS can be localized to different subcellular localizations or be oxidized by
specific ROS: for example, hydroethidine, the reagent in the MitoSOX TM Red Mitochondrial
Superoxide Indicator (ThermoFisher Scientific) is oxidized primarily by the superoxide radical
and upon excitation will indicate ROS localized to the mitochondria (Robinson et al. 2006).
CellROXTM Orange measures whole cell ROS and reactive nitrogen species (RNS), as detailed in
the manufacturer’s insert. It is important to note some limitations with the use of fluorogenic
probes. These two particular dyes have not been validated to be used concomitantly and
therefore the protocol required two different populations of cells to compare whole cell ROS and
mitochondrial sourced superoxide in the same experiment. Additionally, the filters required to
optimize the CellROX orange dye are not standard on all models of fluorescent microscopes so
some signal can be lost which was further impaired by using the DAPI filter. The MitoSOX Red
manufacturer’s protocol for excitation and emission have not been supported in the literature
(Robinson et al. 2006), again making the detection technically challenging and requiring
optimization. The images captured are representaive of the general trends in repeated
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experiments. In addition, three images were captured per condition plate in order to acquire
technical replicates. While the images are visually compelling, fluorecent microscopy is a
qualitative technique and ideally ROS detection should be replicated by a quantitative
methodology (Yokoyama et al. 2017)(Kalghatgi et al. 2013)(Robinson et al. 2006).
Nevertheless, the results obtained relating to ROS induction by chemotherapeutic agents were
consistent with other studies (Yokoyama et al. 2017). Further, when the images were obtained
using the same microscope settings across the different experimental conditions, the differences
in staining intensity were often very obvious on inspection.
The induction of whole cellular ROS following exposure to the temperature shift
condition and the comparative (34/34°C) conditions in Figure 4.2 and the increase in
mitochondrial superoxide detection following exposure to the 34/34 °C condition in Figure 4.3
provide some evidence as to the mechanism of action of the temperature shift protocol and its
impact on cell metabolism. It is expected that exposure to the suboptimal temperature will
induce a degree of oxidative stress. The greater duration of exposure to the 34/34°C comparative
condition induced mitochondrial ROS, indicating that this temperature change, if sustained, can
impact the mitochondria. One possible mechanism is related to a potential decrease in the
expression of the inner mitochondrial membrane uncoupling proteins (UCPs) which normally
serve to decrease ROS levels by uncoupling the electron transfer chain from ATP synthase
(complex v) to generate heat and thus impact the mitochondrail membrane potential (Δψm).
Since MCF-7 cell have been shown to express high levels of UCPs, if the UCPs are inhibited at
suboptimal temperature, then superoxide radical generation should increase (Johar et al. 2015).
The taxane drug, docetaxel, generated the production of whole cellular ROS but not
mitochondial O2- when used at the IC50 or two times the IC50 as shown in Figure 4.4- 4.8. This
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paralleles a finding which showed that treatment with another taxane, paclitaxel, increases the
CellROX-dependent fluorescent signal in human colorectal cancer cells (Yokoyama et al. 2017).
Yokoyama et al. (2017) utilized 10 μM paclitaxel, which is higher than the IC 50 for paclitaxel ,
and documented apoptosis in some cells even after only 24 hours of exposure. Additionally, the
CellROX® Green reagent used in those experiments only detects the hydroxyl and superoxide
radicals whereas the CellROX® Orange reagent detects a broader range of ROS and RNS.
Docetaxel, is a partially synthetic drug derived from the structure of paclitaxel with the precursor
originally isolated from a species of yew tree, Taxus baccata-L, and while both are considered
deterimental to cancer cell replication by interfering with microtubular degradation, docetaxel is
both more potent and more water soluble compared to paclitaxel (Hill et al. 1994). While some
of the negative side effects of chemotherapy have been attributed to ROS production (Mercuro et
al. 2007), studies examing ROS production in cancer cells by different chemotherapeutic drugs
are quite limited (Yokoyama et al. 2017).
Treatment with doxorubicin induced the production of whole cellular ROS and
mitochondrial ROS as indicated in Figure 4.15. Doxorubicin is an anthracycline drug with an
activity that includes being an inhibitor of topoisomerase II, a multifunctional enzyme with a role
in DNA replication (Nitiss 2009). Since doxorubicin is serially reduced to its alkylating
metabolites, it is expected to have an impact on the redox balance of the cell (Bartoszek 2002).
Conversely, treatment with cisplatin selectively generated mitochondrial ROS but little
CELLRox® Orange signal as shown in Figure 4.14. Cisplatin is a platinium-based compound
used in a variety of chemotheraputic protocols and its primary method of action is the formation
of adducts in DNA molecules with mtDNA being particularly sensitive due to the lack of
nucleotide excision repair mechanisms (Hu et al. 2016) (Alexeyev et al. 2013). To further
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explore if this would be supported by an increase in the expression of TFAM, a nuclear-encoded
transcription factor of key mitochondrial enzymes, western blot analysis was performed which
showed that cispaltin-treated MCF-7 cells displayed higher levels of TFAM 30 hours after drug
exposure compared to untreated cells, as shown in Figure 4.17. The interpretation of this is that
a combination of ROS production by mitochondria and/or mtDNA damage resulted in increased
TFAM transcription. This response was present at all three temperature conditions which
confirms that mitochondria-induced ROS may be an important factor in cisplatin’s mode of
action in malignant cells and which is a feature of the negative side effects of the drug. It also
introduces the possibility that mitochonrial ROS generation results in signaling, directly or
indirectly, to the nucleus. Neither carboplatin or oxaliplatin, two other platinium dervied
anticancer drugs, used at a 10 μM concentration produced any CellROX signal in the Yokoyama
et al. (2017) study. This may be due to the high concentrations of drugs used which induced
some apoptosis and/or the difference in the fluorogenic probe used. Untreated cells in this study
produced very little TFAM at any of the temperature condtions. Therefore, exposure to the
temperature shift protocol or constant maintenance at 34° C did not produce enough
mitochondrial stress to result in increased levels of TFAM in MCF-7 cells.
Melatonin at 1 nM and 10 nM concentrations resulted in production of whole cell ROS in
cells exposed to all three temperature conditions (Figures 4.8 and 4.10) with exposure to the
suboptimal temperature (34/34°C) inducing the greatest production. This is paradoxical as
melatonin is classified as an antioxidant and these results suggest that it is acting as a prooxidant. Melatonin has been reported to uncouple oxidation phosphoryaltion in MCF-7 cells
(Scott et al. 2001) which should decrease mitochondrial ROS. Exposure of cells to the
temperature shift protocol increases whole cellular ROS as seen in Figure 4.2 and exposure to the
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temperature shift plus treatment with melatonin produced a similar result. It is suggested that
there is a gradient in ROS production in cells exposed to the different temperature shift
exposures in the presence of 1 nM melatonin: exposure to the 34/34° C condition and 1 nM
melatonin generated the most CELLRox® Orange signal; then exposure to the 37/34° C
temperature shift and 1 nM melatonin; and, then exposure to normal physiological temperature
and 1 nM melatonin generated the lowest level of ROS as shown in Figure 4.8. This suggests
that ROS production and oxidative stress results from temperature changes but that the impact
may be quite specific because exposure to the 37/37° C condition and treatment with 1 nM
melatonin was still able to induce mitochondrial ROS. This was abolished at the 10 nM
melatonin concentration and therefore melatonin at higher concentrations may disrupt
mitochondrial respiration. Exposure to the temperature shift condition resulted in oxidative
stress as evidenced by an increase in H2O2 and -OH detection. Further, melatonin can act as a
pro-oxidant or an antioxidant in MCF-7 cells, depending on the concentration used.
It is important to note that mitochondrial number, function, and DNA are often abnormal
in cancer cells (Porporato et al. 2018). Non-cancerous cells can contain mitochondria that have
both non-mutated mtDNA and abberant mtDNA which is called heteroplasmy (Whitehall and
Greaves 2019). Due to the proximity of mitochondria to intracellular ROS production, oxidative
damage and mutation of mtDNA occurs, and mutations in mtDNA that code for the electron
transport chain subunits, particularly subunits I and IV, are thought to contribute to the initiation
of carcinogensis (Hertweck and Dasgupta 2017). Therefore the role of the mitochondria in the
development and subsequent maintenance of the cancer phenotype is hugely important (Idelchik
et al. 2017).
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Circadian control of mitochondrial respiration is thought to be regulated by the nutrients
available for oxidation and their respective metabolic pathways (De Goede et al. 2018). The vast
majority of mitochondrial enzymes, whether they are involved in carbohydrate or fatty acid
metabolism, such as components of the electron transport chain (ETC) or the tricarboxylic acid
(TCA), oscillate in a circadian manner in mouse liver (Neufeld-Cohen et al. 2016). The
relationship between circadian rhythm and mitochondria does not appear to be unidirectional
especially given the role on the redox balance and clock gene regulation (Stangherlin and Reddy
2013). A link between circadian transcriptional activity and oxidative stress may be that the
binding affinity of CLOCK/BMAL1 to DNA is influenced by the cellular NAD+/NADH or
NADP/NADPH ratios (Liu et al. 2005).
Transcriptional regulation by ROS includes but is not limited to effects on the mitogenactivated protein kinases (MAP kinases) which can activate the c-Jun and the ASK1 cascades,
through protein kinase Cα, or ATF2 via p38 kinase, both of which may influence cell
proliferation (Martínez-Limón et al. 2020)(Turpaev 2002). Oxidative stress typically results in a
transcriptional response by many key enzymes that contain antioxidant response elements (ARE)
in their gene regulatory regions (Liu et al. 2005). A major event is thought to be the binding of
Nrf2 to AREs. Nrf2 in its inactive form is bound to Keap1, an intracellular protein with a
cysteine residue that once oxidized, frees Nrf2 for nuclear translocation and DNA-binding
activty (Liu et al. 2005). Estrogen has been shown to increase ROS production in MCF-7 cells
probably through signals mediated by ERα as higher ERα:ERβ ratios are correlated with higher
ROS generation (Johar et al. 2015). ROS production in MCF-7 cells also activates the PI3K
pathway, involving Akt, which modifies the activity of Nfr2 such that a typical ROS induction of
apoptosis response is inhibited (Johar et al. 2015). These examples provide some further insight
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into how complicated ROS signaling is and how specfic adaptions by ERα in breast tissues can
be involved in cancer initiation and propagation.
In summary, this study has demonstrated that exposure of MCF-7 cells to the temperature
shift condition, which is used to synchronize circadian rhythms in vitro, has an impact on
mitochondrial metabolism as measured by the MTT assay and ROS response. The temperature
shift increases total cellular ROS but does not appear to impact mitochondrial ROS production.
Both of these effects may lead to a decrease in cell proliferation through intracellular signalling
pathways. Different chemotherapeutic drugs can induce differences in ROS production and that
ability may have important therapeutic implications both on the side effects experienced or on
the use of antioxidants by patients. The role of circadian rhythm disturbance on mitochondrial
function and malfunction, directly or through loss of a melatonin regulatory feature, may be at
the crossroads of understanding the relationship between circadian disruption and disease.
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Chapter 5
Chapter 5 Clock Gene Expression in a Human Breast Cancer
Mitochondrial Impaired Cell Line
5.1 Introduction
Mitochondria are important membrane bound subcellular organelles that contain their
own DNA (mtDNA) and are at the center of the endosymbiotic theory of eukaryote evolution
(Gray 2012). The circular nature of mtDNA and its slight differences in genetic code are
features emphasized by proponents that point to a mitochondrial origin as more Archean than
eukaryotic but it seems most likely that there was a combination event (Friedman and Nunnari
2014). Structurally, mitochondria are ovoid in shape and contain an inner and an outer
membrane, separated by an intermembrane space, with the inner membrane surrounding a matrix
within a network of membrane cristae (Friedman and Nunnari 2014). Functionally, this
organelle is not only the site of energy production within the cell but it also has roles in the
generation of reactive oxygen species (ROS) secondary to its bioenergetic duty, as well as
regulatory effects in apoptosis, modification of intracellular calcium signalling, and regulation of
heme biosynthesis (Shokolenko and Alexeyev 2017). Oxidative phosphoryation is derived from
the successive oxidation of metabolites where electrons pass through an electron transport chain
(ETC) localized to the inner mitochondrial membrane which is coupled with the phosphorylation
of adenosine diphosphate (ADP) to adenosine triphosphate (ATP); the major energy currency of
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the cell (Mookerjee et al. 2010). Five protein complexes reside along the inner mitochondrial
membrane and coordinate oxidative phosphorylation; complex I where NADH is oxidized to
NAD+, complexes II, III (cytochrome c reductase), and IV (cytochrome c oxidase) where
electrons are sequentially donated, and complex V, or ATP synthase, where ADP is
phosphorylated (Demine, Renard, and Arnould 2019). Electron leakage, primarily at complexes
I and III are key sources of ROS production, which can occur despite an electrochemical gradient
that flows with a decreasing potential down the sequence of enzymes and which is maintained by
the ability of ATP synthase to pump protons back into the matrix (Mookerjee et al. 2010).
The mitochondria genome is central to oxidative phosphorylation as mtDNA contains 37
genes, 13 of which code for proteins that include subunits of complex I, III, IV, and V and 22
tRNAs, and 2 rRNAs (Taanman 1999). Both transcription and translation occur in the organelle
and transcription can be activated by and is therefore dependent on the nuclear mitochondral
transctipion factor A (TFAM) (Kang and Hamasaki 2005). The other portions of complex I, III,
IV, and V and all of the subunits of complex II are encoded in the nucleus (Mastroeni et al.
2017). The number of mitochondria in cells vary from a few hundred to thousands and the
regulation of their dyanmics of fission and fusion is complex (Friedman and Nunnari 2014).
Mutations in mtDNA have been shown to be linked to a number of diseases including cancer
(Chatterjee, Mambo, and Sidransky 2006).
Cellular respiration in normal mammalian physiology is compartmentalized: glycolysis is
the break down of glucose to pyruvate through a series of enzymatic steps that occurs in the
cytosol and then pyruvate is translocated to the mitochondria and enters the tricarboxylic acid
cycle (TCA) which produces a number of substrates for oxidative phosphylation on the inner
mitochondrial membrane (Peek et al. 2015). The Warburg Effect is described as the preference
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of malignant cells to produce ATP through the glycolytic pathway and satisfying their energy
requirements by rapidly increasing the rate of these reactions (Liberti and Locasale 2016).
Pyruvate is metabolized to lactate by lactate dehydrogenase (LDH) and NADH is simultaneously
oxidized to NAD+ (Rogatzki et al. 2015). A second metabolic switch that cancer cells trigger is
to use the pentose phospate pathway which shuttles glucose–6 phospate (G6P), one of the
intermediates of glycolysis, through a series of enzymatic reactions with no ATP production but
with restoration of cellular NADPH (Jin and Zhou 2019). Malignant cells may utilize multiple
pathways to satisfy their energetic and substrate demand for rapid growth and proliferation,
including oxidatve phosphorylation (Ashton et al. 2018). The generation of mtDNA-depleted, or
Rhø cells, by culturing the cells in low concentrations of ethidium bromide (EtBr) for a
prolonged period of time to damage the ability of mtDNA to produce subunits of oxidative
phosphorylation, was initally developed to study mitochondrial disorders (Schubert et al. 2015).
The use of EtBr or inhibitors of the enzyme complexes involved in oxidative phosphorylation,
such as rotenone, antimycin A, or oligomycin, has enriched the field of study of cellular
physiology including clock gene regulation (Peek et al. 2015).
It seems intuitve that circadian rhythms regulate metabolic pathways when the
relationship between light/dark phases and feeding/fasting activites are considered. A large
percentage of transcripts oscillate in a circadian manner in the mouse liver (Miller et al. 2007).
Circadian control of the regulatory proteins involved in metabolic reactions dictates clock control
of basal glycolytic rates (Thurley et al. 2017). Evidence of circadian regulation of metabolic
processes is provided by three key examples: (I) the circadian oscillation of the rate limiting
enzyme of NAD+ generation, nicotinamide phosphoribosyltransferase (NAMPT) (Peek et al.
2013); (II) the post-translational modifications to the complex I cycle proteins are under
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circadian gene influence (Cela et al. 2016); and, (III) PER protein regulation of substrate and
mitochondrial enzymes (Neufeld-Cohen et al. 2016). This is not to infer that these represent the
only examples of circadian involvement or that the feedback is unidirectional (Scrima et al.
2016).
Oxidative phosphorylation requires both mitochondrial and nuclear programming for
transcriptional activity and regulation of energy production (Friedman and Nunnari 2014). The
uncoupling of the ETC and the phosphylation of ADP can be influenced experimentally by
chemicals or through natural factors including melatonin (Demine, Renard, and Arnould 2019).
Instrinsic regulation of oxidative phosphorylation occurs through the uncoupled proteins (UCPs)
which function to protect mitochondria from excessive ROS accumulation (Mookerjee et al.
2010). Rhø cells, which lack functional oxidative phosphorylation, demonstrate decreased clock
gene expression even after serum shock synchronization (Scrima et al. 2016). The purpose of
this study was to examine the impact of the temperature shift model on circadian gene expression
in Rhø cells.
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5.2 Materials and Methods
Cell culture and The Propagation of a mtDNA free Cell Line (Rhø cell)
A human hormone responsive breast cancer cell line, MCF-7, originally obtained from
the American Type Culture Collection (ATCC) was maintained in Hyclone Debucco’s Modified
Eagle Media (DMEM) with high glucose and pyruvate (GE Lifesciences) and supplemented with
10% fetal bovine serum (FBS) and 1% antibiotic and antimycotic solution® (A&A) (Fisher) and
grown on 100 mm tissue culture plates. The protocol for generation of a mtDNA free or Rhø cell
was adapted (King and Attardi 1996) such that ethidium bromide (Sigma-Aldrich) was added at
a final concentration of 50 ng/ml and uridine (Sigma-Aldrich) was added at a final concentration
of 50 μg/ml to the culture media and the cells were passaged as required for a minimum of 6
weeks. For comparison, to ensure that the cells cultured with ethidium bromide and uridine
were mtDNA deficient, control plates with no addition of uridine were also prepared (King and
Attardi 1996). Cell cultures were maintained in a humidified environment at 37 o C and 5% CO2.
Experimental protocols
A temperature shift technique was used to induce a circadian rhythm in cell cultures. The
temperature shift technique consisted of cells being kept in a humidified 37 o C environment,
supplemented with CO2 from 09:00 to 21:00 and then transferred to a humidified 34 o C incubator
supplemented with 5% CO2 from 21:00 to 09:00. Cells were subjected to the shift protocol is as
described for seven days prior to sample collection. In addition, the cells were subjected to two
control conditions that were maintained for the duration of the experiment; cells were cultured at
37o C continuously and a second set were cultured at 34o C continuously. Cells were seeded in
100 mm tissue culture plates at a ratio of 1:8 on the first day of the shift experiment.
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Microscopy
Images of control MCF-7 cells that were not cultivated with ethidium bromide and the
Rhø cells were captured using an Olympus fluorescence microscope model DP80 with the
manufacturer’s CellSens Dimension software. Phase contrast and MitoTracker TM Red
CMXRos® (Thermo Fisher Scientific) protocols were used to compare the two cell lines. The
MitoTrackerTM Red CMXRos® (Thermo Fisher Scientific) protocol was performed as per the
manufacturer’s recommendations. The MitoTrackerTM Red powder was resuspended in DMSO to
a final concentration of 1 mM and 5 μl of this stock solution was added to 5 ml of culture media
and incubated with the cells at 37° C for 30 minutes before imaging.
Protein extraction and Western Blotting for MCF-7 Rho Cell Characterization
Cells were washed with ice cold PBS, pH 7.4, and then lysed in 300 μl of ice cold
radioimmunoprecipitation assay (RIPA) buffer (150 mM sodium chloride, 15 mM phosphate
buffer, pH 7.4, 1% Triton-X 100, 0.5% sodium dodecyl sulfate (SDS), 0.5% sodium
deoxycholate, 10 mM sodium fluoride (NaF), 10 mM sodium orthovanadate), and protease
inhibitor tablets (Thermo ScientificTM PierceTM Protease Inhibitor Tablets). All reagents were
obtained from Fisher Scientific unless otherwise indicated. The whole cell lysate was then
collected from the plate using a plastic cell scraper. Cellular DNA and cytoskeletal proteins
were sheared by passage through a 22 gauge needle several times and then stored at -80 0 C.
Protein quantification was done using the bicinchoninic acid (BCA) assay (Thermo Scientific TM
PierceTM BCA Protein Assay Kit) with a bovine serum albumin standard and read using a
Synergy® H4 Hybrid plate reader (Biotek) using Gen 5, version 2.00 software. Electrophoresis
was performed using 30 μg of protein loaded per lane onto a 15 % polyacrylamide gel containing
SDS. After electrophoresis, the gels were transferred onto nitrocellulose membranes using a
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semidry transfer apparatus and 20% methanol, 192 mM glycine, and 25 mM Tris-HCl, pH 8, and
protein transfer was confirmed by staining with 0.1% Ponceau S in 1% acetic acid. The
membranes were blocked by incubation in 5% low fat milk in TBST overnight at 4 0 C. The
Total OXPHOS Human WB Antibody Cocktail ® (Abcam) was incubated with the membrane at
a dilution of 1:200 in 5% low fat milk in TBST overnight at 4 0 C. The secondary antibody, an
HRP-conjugated anti-mouse IgG (Santa Cruz Biotechnology), was incubated with the membrane
at a dilution of 1:500 for 2 hours at room temperature. Chemiluminescent detection of HRP was
performed using the Thermo Scientific ECL detection reagents prior to membrane exposure to
radiographic film or exposure using a GelDoc image analyzer.
Relative ATP Luminescence
The level of ATP in the cell lines was measured using the Luminescent ATP Detection
Assay Kit® purchased from Abcam using the protocol described in the manufacturer’s
instructions. Cells were seeded onto 96 well plates at two concentrations of 25,000 cells/well
and 12,500 cells/well, each in triplicate. Three plates were prepared: plate 1 contained Rhø cell
groups 1, 1B, and 2; plate 2 had groups 3, 4, and A; and, plate 3 had groups B and C. The
different groups refer to the dates at which Rhø cell cultivation commenced using ethidium
bromide at a final concentration of 50 ng/ml and uridine at a final concentration of 50 μg/ml in
pyruvate enriched media. The level of luminescence following incubation of the lysed cells with
luciferin and firefly luciferase where the light emitted corresponds with the level of ATP present
versus an ATP standard, was measured using a Synergy® H4 Hybrid plate reader (Biotek) using
Gen 5, version 2.00 software, set for luminescent detection.
Flow cytometry for Cell Cycle Analysis
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Cell DNA content was measured using flow cytometry of propidium iodide-labelled
cells. Cells were washed with room temperature PBS, pH 7.4, and treated with trypsin. The
cells were collected and placed in 1.5 ml microfuge tubes and centrifuged at 2000 rpm for 5
minutes. The supernatant was discarded and the cells washed with PBS, pH 7.4, and then
resuspended in 70% ethanol and immediately stored at -20 0 C. Prior to analysis, the thawed
samples were washed twice with PBS, pH 7.4, and suspended in 0.5 ml PBS, pH 7.4, and 0.5 ml
of a 2 mg/ml propidium iodide (PI) stain solution containing 100 ng/ml RNase was added. The
cells were incubated for 2 hours and then the samples were analyzed on a Cytomics FC 500 flow
cytometer (Beckman Coulter). Images generated from the flow cytometer software were
transferred unto the Paint® program for figure creation.
Gene expression analysis using Reverse Transcriptase quantitative PCR (RT-qPCR)
The experimental condition was those where the cells culture in 100 mm plates in
complete media were shifted from 37° C to 34° C at 21:00 and then shifted back to 37° C at
09:00 each day for the duration of the shift experiment. The control condition was selected to be
cell cultures maintained at 37° C for 24 hours/day during the duration of the shift experiment.
Cell monolayers were lysed in a fixed volume of 500 μl of denaturing solution containing 4 M
guanidinium thiocyanate, 25 mM sodium citrate, 0.05% N- laurosylsarcosine, and 0.1 M 2- βmercaptoethanol (Chomczynski and Sacchi 2006). After collection, the sample was stored at 800 C prior to RNA purification and solubilization using the phenol-chloroform technique as
described. RNA was quantified by measuring the OD260 using a spectrophotometer
(Nanodrop®). 100 ng RNA was reverse transcribed using the protocol from the Superscript IV
Vilo Master Mix without ezDNAse enzyme treatment as per Life Technologies®. Oligo-dTprimers were annealed at 25° C for 10 minutes, the RNA reverse transcribed by incubation at 50°
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C for 10 minutes, and then the enzyme inactivated for 5 minutes at 85° C using a thermocycler.
Clock gene ID Taqman® assays were obtained from Life Technologies®. For some genes, these
assays are inventoried and others they were custom produced. The assay numbers are as listed:
PER1, Hs00242988_m1; PER2, Hs01007553_m1; CLOCK, Hs00231857_m1; BMAL,
(ARNTL); TFAM, Hs00273372_s1; GAPDH, Hs02786624_g1; MT-ATP6, Hs02596862_g1;
PPIA, Hs04194521_s1; and, RPS17, Hs00734303_g1. Taqman® gene assays were performed
using the Agilent Aria MX and 80 ng of cDNA. The Thermo Fisher protocol for the TaqMan®
Fast Advanced Master Mix was followed which consisted of UNG incubation for 1 cycle at 50°
C for 2 minutes, 1 cycle of enzyme activation for 30 seconds at 95° C, and 40 cycles of
alternating denaturing and annealing at 95° C for 1 second and 60°C for 20 seconds,
respectively. As per the Taqman ® technical bulletin the amplification efficiency is assumed to
be 1 and a melting curve analysis is not completed due to regent consumption. Gene expression
was measured using the 2^ΔΔCT method in accordance with the MIQE Guidelines. (Bustin et al.
2009).
Statistical Analysis
SPSS ® or GraphPad Prism 5.0 was used for statistical analysis as indicated. The data
was subjected to a normality test using the normality function within GraphPad, and if
appropriate, p<0.05, a one analysis of variance (ANOVA) was used to compared the groups with
a post hoc Tukey test; otherwise a Kruskal Wallis test to discern differences with a Dunn’s
comparison of groups as the post hoc was used. Unless otherwise stated, statistical significance
was determined as p<.05. Error bars within graphs indicate standard error of the mean (SEM),
unless otherwise indicated.
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5.3 Results
The development of a MCF-7 cell line that exhibits mitochondrial impairment would
assist in evaluating the relationship between mitochondrial metabolism, circadian rhythm, and
whether mtDNA has any regulatory role in clock gene expression. The addition of low
concentrations of ethidium bromide (EtBr) to the cultures over time has been used to create a cell
line lacking in mitochondrial DNA, also called a Rhø cell line (King and Attardi 1996). Rhø
cells acquire changes in morphology in response to the EtBr incubation as shown in Figure 5.1.
The cells continue to group together but the individual cell membranes become less distinct. The
cells grow more slowly in culture and require fewer passages, but more frequent media
replacement. While the MCF-7 Rhø cells were able to survive for prolonged periods of time,
other cell lines such as HBL-100s, and T98G human glioblastoma cells, were not successfully
cultivated in low levels of EtBr.

Figure 5.1 Comparison of untreated MCF-7 cells on the left with MCF-7 cells that have had
ethidium bromide added to the media for the previous 28 days on the right as captured by phase
contrast microscopy (magnification 20X).
To determine if the Rhø cells still had mitochondria, they were stained with
MitoTrackerTM Red CMXRos (Thermo Fisher Scientific) according to the manufacturer’s
protocol and imaged using a fluorescent microscope. The MitoTracker TM stain is localized to the
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mitochondria as shown in Figure 5.2. The Rhø cells still acquire stain indicating there are
mitochondria present although they are fewer in number, have abnormal morphology, and show
much more variability in the stain uptake pattern in individual cells.

Figure 5.2 Comparison of untreated MCF-7 cells on the left with MCF-7 that have had ethidium
bromide added to the media for the previous 28 days on the right as captured after staining with
MitoTrackerTM Red fluorescent dye (magnification 20X).

In order to further characterize the mtDNA-depleted Rhø MCF-7 cell lines prior to
examining the effect of applying the temperature shift protocol, two separate procedures were
performed to confirm mitochondrial dysfunction. The first was to use western blot analysis of
the cells with a Total OXPHOS Human WB Antibody Cocktail ® (Abcam) to characterize the
expression of the various mitochondrial proteins. The results are displayed in Figure 5.3.
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V- ATP5A – 54 kDa
III – UQCRC2 – 48 kDa
II – SDHB – 29 kDa
IV – COX II – 22 kDa
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Figure 5.3 MCF-7 Rhø cells as characterized by antibody staining by western blot analysis.
Extracts from eight groups of Rhø cells labelled as 1, 1b, 2, 3, 4, A, B, C, and the control group,
untreated MCF-7 cells on the far right (con) were subjected to western blot analysis. The blots
were probed with the total OXPHOS antibody cocktail that contained antibodies that recognized
components of each of the 5 mitochondrial enzyme complexes.

All of the Rhø cells contained a positive signal that corresponds to the protein subunit of
complex II of oxidative phosphorylation which is expected because this is the one subunit of the
five where the proteins are all encoded in the nucleus and post-translationally targeted to the
mitochondria. The control group appeared to be positive for all five subunits as expected for
untreated functional MCF-7 cells. The Rhø subgroups do not contain components of subunits III
or V but all except group A appear to have some expression of subunits I and IV. This indicates
that the mtDNA is not able to functionally transcribe and/or the mitochondria translate these
protein subunits. The second method employed to characterize the Rhø cells was a functional
assay examining ATP production. Since oxidative phosphorylation produces an abundance of
cellular ATP and the mtDNA encode for components of 4/5 subunits required for oxidative
phosphorylation, the treatment of cells with EtBr is anticipated to cause a reduction in ATP
production relative to intact cells. The ATP production was measured at a single interval of
thirty minutes using the Luminescent ATP Detection Assay Kit® (Abcam) and the total
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compared via relative luminescence produced by each of the different cell lines. The results are
displayed in Figure 5.4
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Figure 5.4 ATP Production of groups of Rhø cells and controls. The level of ATP was
determined using the Luminex ATP assay in triplicate in three 96 well plates each with an MCF7 control: plate 1 contained control 1 and Rhø cells from groups 1, 1B, and 2; plate 2 contained
control 2 and Rhø cells from groups 3, 4 , and A; and, plate 3 contained control 3, and Rhø cells
from groups B and C (n=3, p<0.05).

Rhø cells from groups 2, 3, 4, A, and B demonstrate the expected results of having
significantly lower ATP production due to impaired oxidative phosphorylation as compared to
their controls. Rhø cells from groups 1 and C appear to have significantly greater total ATP
production during this time interval as compared to their controls while the level of ATP
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produced by cells from group 1B are the same as for control cells. Cancer cells acquire their
energy sources using multiple pathways and MCF-7 cells have been demonstrated to use
oxidative phosphorylation after exposure to radiation, indicating the cell line retains typical cell
aerobic respiration competency (Lu et al. 2015) which is disrupted in at least some of the EtBrtreated cells.
To examine the impact of exposure to the temperature shift protocol on mtDNA-deficient
cells, flow cytometry and RT-qPCR analysis of clock genes was performed after Rhø cells
derived from MCF-7 breast cancer cells were subjected to a 7-day experimental temperature shift
protocol. Flow cytometry analysis using the propidium iodide staining protocol with cells
exposed to three different temperature conditions, the 37/37° C condition, the 37/34° C
temperature shift condition, and the 34/34° C condition was conducted to investigate the impact
of long-term EtBr treatment on cell cycle progression and queried what impact the shift
condition may elicit. Cells exposed to all three temperature conditions showed that a large
proportion of the EtBr-treated cells were in the sub G1 peak as is evident on the histograms in
Figure 5.5 and graphical displays of Figure 5.6 and 5.7. The presence of a sub-G1 peak is an
indication of cellular apoptosis and nuclear fragmentation. There was a significantly greater
proportion of cells in sub G1 for the comparative 34/34 °C condition as compared to the shift
condition. There was also a significantly greater proportion of cells in S phase in the control
37/37 °C condition as compared to the comparative 34/34°C condition. The most significant
difference between the control and the experiment condition was the proportion of cells in the
G2M phase which was significantly greater for the shifted cells. These results are demonstrated
in Figures 5.6 and 5.7. This is different from the data shown in Figure 2.7 where MCF-7 cells
not treated with EtBr and exposed to the temperature shift condition for 7 days did not
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demonstrate any significant differences between the control and the experimental conditions.
The histograms in Figure 5.5 which includes several time points between the control and the
experimental groups demonstrated an increased G2M peak in the temperature-shifted cells.
Therefore, the Rhø cells demonstrated reduced viability as supported by the presence of a large
sub G1 proportions in all three exposure condition conditions. While the sub G1 is assumed to be
comprised of apoptotic bodies, no investigation was performed to confirm this. Additionally, the
temperature shift protocol induced a relative G2M block.

Figure 5.5 Histograms for flow cytometry of MCF-7 Rho cells at 7 day shift. Images on the top
panels represent 37/37° C control condition, time points 2, 4, 6, 8, and 16 hours respectively with
time 0 = 09:00. Images on the bottom panels represent 37/34° C experimental condition, time
points 2, 4, 6, 8, and 16 hours respectively with time 0 = 09:00 (n=2).
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Figure 5.6 Graphical display comparing cell cycle phases at day 7 of shift in MCF-7 Rhø cells.
(n=2, p<0.05)

Figure 5.7 Graphical display comparing cell cycle phases at day 7 of shift in MCF-7 Rhø cells
(n=2, p<0,05).

Gene expression for the MCF-7 Rhø cells was measured using RT-qPCR with RPS-17 as
the reference gene. Several clock genes were selected including PER1, PER2, CLOCK, and
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BMAL. Other genes including GAPDH, TFAM, and MT-ATP6 were also assayed. Table 5.1
demonstrates that gene expression levels, as evidenced by higher raw Ct (Cq) values, were low
for CLOCK exposed at the 37/34 °C condition but still measurable across most time points.
PER1 expression was detectable at most time points and had lower Ct (Cq) values than CLOCK
indicating a higher degree of gene expression. The reference gene, RPS 17 could be detected
across all time points except at 24 hours. Only MT-ATP 6 had lower Ct (Cq) values indicating
the greatest relative expression. MT-ATP6 is a mitochondrial gene encoding a subunit of
complex V and mutation of this gene is linked to several human diseases (Ganetzky et al. 2019).
It was not expected to detect mRNA transcripts from the mitochondria in the EtBr disrupted
cells, however, given the mRNA collection procedure contamination with mitochondrial DNA
cannot be ruled out and the MT-ATP-6 product might be the result of amplifying the mtDNA.
Therefore, it isn’t possible to determine if the MT-ATP6 detected was functional.
Table 5.1 mRNA Mean Ct Values as Measured by RT-qPCR for Two Housekeeping Genes,
RPS 17 and PPIA, Two Clock Genes PER1 and CLOCK and TFAM, GAPDH and MT- ATP for
the Shift Rhø Cells for Several Time Points over 24 Hours
Time Point

RPS 17

PPIA

GAPDH

MT-ATP6

TFAM

PER1

CLOCK

0

35

36

35

21

40

28

34

1

36

-

-

26

-

-

27

2

31

32

34

22

39

34

-

4

28

32

30

24

38

35

-

6

35

-

32

24

-

35

35

8

31

30

-

34

-

24

34

12

21

-

-

33

-

27

32

16

34

-

23

20

-

35

40

24

21

28

-

-

34

22

28
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Unfortunately, the Rhø cells exposed to the 37/37° C condition had no raw Cq values
below the threshold of 40 cycles for any of the clock genes across all time points. These results
are available in Appendix 4. This made it impossible to calculate 2^ΔΔCq values for those
genes. The reference gene, RPS-17, was detectable above the threshold as were other genes
including TFAM and GAPDH and the relative gene expression could be calculated for those
candidates. The results are presented in Figure 5.8. This suggests that cells require intact
mitochondria, specifically functional mtDNA and oxidative phosphorylation to generate
detectable clock gene expression. It would be expected that TFAM expression would be
increased given the level of mtDNA damage and this has already been demonstrated in cisplatintreated cells (Figure 4.17). Since GAPDH is an enzyme involved in the steps of glycolysis, it is
expected that its expression would be upregulated in MCF-7 who have lost their oxidative
phosphorylation ability.
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Figure 5.8 Relative gene expression using the 2^ΔΔCq method for MCF-7 Rhø cells for several
time points over 24 hours (n=3).

TFAM exhibited its greatest increase in fold expression at 0 hours, when the shifted cells
had been at suboptimal temperatures for 12 hours (21:00 to 09:00) and GAPDH experienced its
peak in expression at 4 hours post shift. Damage to nuclear DNA has been demonstrated in
response to long term EtBr treatment (Spadafora et al. 2016). It is possible that this has occurred
in this study however the detection of housekeeping genes and other nuclear encoded genes
including some of the core clock genes suggests that any mutation created had minimal impact.
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5.4 Discussion
Current research has been directed to looking for the link between circadian disruption
and cancer as well as between metabolic syndrome and rhythm disorders (Touitou, Reinberg,
and Touitou 2017). These investigations support the idea that there is a leading role played by
mitochondria in the pathogenesis of these diseases and that mtDNA-deficient cell lines provide a
novel means to further study these relationships (Scrima et al. 2016). Consistent with the
findings of this study, the long term addition of a low concentration of EtBr, that preferentially
damages the mtDNA, causes functional and significant gross morphological changes in the cells
that include modifications to the subcellular mitochondrial network (Gilkerson et al. 2000).
Although many fluorescent dyes can be used to measure changes in the mitochondrial membrane
potential (Δψm), MitoTracker TM Red has been used to identify mitochondria in Rhø cells
(Schubert et al. 2015) (Perry et al. 2011). Figure 5.2 does illustrate that in this study the
mitochondria are present in Rhø cells, however the numbers and/or the structure appear to differ
significantly from that of control cells.
King and Attardi (1996) outline that the best experimental control for identifying the Rhø
cell is the inability of mitochondria-deficient cells to survive in the absence of uridine
supplementation and argues that the use of RT-qPCR must be carefully interpreted as the nuclear
genome is frequently contaminated with fragments of mtDNA (Ju et al. 2015). Uridine
supplementation is mandatory as uridine synthesis requires a functional electron transport chain
(King and Attardi 1996). The current study also included characterizing the loss of the mtDNAencoded subunits of the ETC complexes I, III, IV, and V and a reduction in overall ATP
production. While all of the isolated mitochondria-deficient MCF7 Rhø cell lines in the study
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were shown to express the nuclear-encoded subunit of complex II and were shown to express
diminished levels of the ETC complex III and V subunits as expected, some subline groups did
express complex I and IV subunits as illustrated by Figure 5.3. These results are consistent with
the findings of other groups as Rhø cell cultivation doesn’t necessarily completely eliminate all
of the ETC subunits but rather reduces their abundance and functionality (Ma et al. 2010).
MCF-7 Rhø cell sublines 2, 3, 4, A, and B did demonstrate lower levels of ATP
production (Figure 5.4) despite having evidence to show that the complex I and IV subunits were
still expressed, which indicates that oxidative phosphorylation is not functioning properly.
MCF-7 Rhø cell sublines1 and 1B had been established for the longest time and it is likely that
Rhø cells over time can compensate for the loss of oxidative phosphorylation by upregulating
other ATP production pathways (Scrima et al. 2016). The Warburg Effect describes how cancer
cells preferentially shift to glycolysis to manufacture their ATP and although glycolysis produces
markedly lower levels of ATP than oxidative phosphorylation, the rate of production can be
increased and therefore over time comparable amounts can be produced (Liberti and Locasale
2016). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is a key glycolytic enzyme in the
pathway from glucose to pyruvate and it is frequently overexpressed in cancer cells (Colell,
Green, and Ricci 2009). Pyruvate is fermented to lactate by lactate dehydrogenase ( LDH)
which simultaneously oxidizes NAPH to NAD+ and therefore impacts the redox balance of the
cell (Valvona et al. 2016). The other metabolic shift that cancer cells utilize is the activation of
the pentose phosphate pathway and although this pathway does not directly produce ATP,
NADPH is generated, imposing further redox changes on the cell (Lucarelli et al. 2015). It is not
entirely clear what the benefits of these metabolic shifts are to cancer cells, however the
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concomitant generation of ROS and redox fluxes, and their impact on cell signaling are
becoming increasingly appreciated (Liberti and Locasale 2016).
ROS levels increase as the cell cycle progresses and since cancer cells are highly
proliferative this may be another source of ROS accumulation (Weinberg and Chandel 2009).
Rhø cells generate markedly reduced ROS levels due to the nonfunctional ETC (Chandel and
Schumacker 1999). It is not surprising that cell cycle kinetics would also be impacted in Rhø
cells due to the presence of fewer and morphologically- and functionally- impaired
mitochondria. Experiments using Rhø cells generated from human lung carcinoma and
osteosarcoma cell lines were able to show a cell cycle delay (Mineri et al. 2009). The mtDNA
depletion from MCF-7 cells in this study also resulted in changes in the cell cycle as illustrated
in Figures 5.5, 5.6, and 5.7. In addition, the Rhø cells were exposed to the temperature shift
protocol for 7 days to look at the relationship between circadian rhythms and cellular
metabolism. In Figure 2.7, normal MCF-7 cells exposed to the temperature shift condition did
not demonstrate any significant differences in cell cycle kinetics between the shifted cells and the
control condition. However, when the MCF-7 Rhø cells were subjected to the temperature shift
protocol they had a significantly greater proportion of cells in G2M. It is realistic to expect that
mitochondrial abnormalities, especially lower energetic availability could contribute to a G2M
block but previous studies had shown that a HeLa Rhø cell line failed to demonstrate delayed cell
cycle progression attributable to any specific phase arrest (Schauen et al. 2006). Schauen et al.
(2006) found that the energy differences between Rhø and wild type cells were minimal but did
demonstrate the down regulation of several cell cycle modulators in Rhø cells and went on to
speculate that this may be due to the overall low ROS level. In this study, the ROS level of the
MCF-7 Rhø cells was not measured as it was assumed to be low based on other studies given the
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removal of the ETC, the largest generator of intracellular ROS. Exposure of normal MCF-7 cells
to the temperature shift protocol does result in an increase in intracellular ROS levels but this is
apparently not due to the superoxide molecule (Figures 4.2 and 4.3). This would be an
interesting area to quantify. Melatonin treatment plus exposure to the temperature shift protocol
induces a G2M delay (Figure 3.5) and this may be due to the influence of CKIs and/or a
reduction in cyclin expression. Melatonin has been shown to uncouple oxidative
phosphorylation in MCF-7 cells (Scott et al. 2001). The uncoupling response in mitochondria is
a regulatory feature which prevents excess ROS accumulation and also leads to thermogenesis in
certain tissues while disrupting the activity of ATP synthase and resulting in a marked loss of
ATP generation (Xu, Pagadala, and Mueller 2015). Both the ETC and ADP phosphorylation are
impaired in Rhø cells and it is interesting to speculate on the effects that melatonin might have
on their viability and cell cycle kinetics. It is possible that the MCF-7 Rhø cell responses to the
temperature shift protocol corresponding to a G2M block is due to something intrinsic to human
breast cancer cells (Ma et al. 2010). MCF-7 cells respond to oxidative stress induced by
hydrogen peroxide in a dose-dependent manner with a G2M delay (Mahalingaiah and Singh
2014) and the mechanism involved in the Rhø cell response to exposure to a temperature shift
may be related to H2O2 production. The increased sub G1 populations across all three
temperature conditions is an interesting finding ( Figures 5.5, 5.6 and 5.7). In vitro derived Rhø
cells have been shown to be more resistant to apoptosis (Chen et al. 2016). It was not
specifically determined in this study if the sub G1 populations shown in flow cytometry studies
are apoptotic bodies, however the use of PI and/or 70 % ethyl alcohol in the flow preparation
may have sensitized the cells and led to programmed cell death. The significantly increased
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proportion of MCF-7 Rhø cells in S phase in the comparative 34/34° C condition is consistent
with the findings for the normal MCF-7 cells shown in Figure 2.7.
The delay in cell cycle progression found in this study is consistent with the findings of
other investigations with the unique aspect of this study being the specific G2M phase block
associated with exposure of the MCF-7 Rhø cells to the temperature shift. A second difference
with the MCF-7 Rhø cells being exposed to the temperature shift condition is the change in gene
expression. The temperature shift model results in increased clock gene expression at specific
times in normal MCF-7 cells as measured by the 2^ΔΔCq method and as shown in Figures 2.10
and 2.11. The MCF-7 Rhø cells exposed to the temperature shift model do not show this
increase in the relative expression of clock genes at any timepoint after temperature shift for
seven days but this is not the case with all genes since the expression of the mitochondrial
transcription factor A (TFAM) and GAPDH as well as the housekeeping gene RPS-17 can be
easily measured as shown in Figure 5.8. TFAM is a nuclear encoded transcription factor
responsible for the maintenance of mtDNA which will bind with high affinity to damaged
mtDNA and is expressed at relatively high levels in Rhø cells as supported by Figure 4.17 (Kang
and Hamasaki 2005). TFAM can be over-expressed in cancer cells and increased levels have
been correlated to a loss of mtDNA (Qiao et al. 2017). Therefore, the result of this study is
consistent with previous results. The expression of GAPDH was also expected as it has been
previously used as an internal control for gene expression studies of Rhø cells ( Lee et al. 2008).
Therefore, it appears that clock gene expression is specifically unresponsive in MCF-7 Rhø cells
subjected to circadian rhythm manipulation (by temperature shifting for 7 days) and does not
show the synchronization-dependent upregulation detected in wild-type MCF-7 cells. This is
consistent with the findings reported in a study that used human liver tumor mtDNA-depleted
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cells and found significantly reduced BMAL expression in the Rhø cells after circadian
synchronization in response to treatment with the serum shock protocol (Scrima et al. 2016).
The current study supports the conclusions of those authors which stated that impairment of
mitochondrial oxidative phosphorylation contributes to clock gene dysregulation and this could
be the keystone of the relationship between circadian disruption and metabolism: active
oxidative phosphorylation may be an important component in maintaining circadian rhythms
(Scrima et al. 2016).
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Chapter 6
Chapter 6 Conclusions and Implications
Hanahan and Weinburg introduced a framework to understand the primary characteristics
of malignancy and to show how these are features are interrelated in immortalized cell lines
(Hanahan and Weinberg 2000). When this framework was updated a decade later, the authors
stressed how genomic instability underpinned the six original features and added two additional
features of malignant cells; evasion from immune system detection and destruction and cellular
reprogramming of energy metabolism (Hanahan and Weinberg 2011). Hall, Rosbash and Young
discovered that the foundation of our current understanding of the complexity of clock gene
expression is the ability to co-ordinate various homeostatic and behavioural rhythms in an
organism during the day (Huang 2018). Epidemiological evidence and a large volume of in vivo
and in vitro research has increased our understanding of the complex relationship between
circadian rhythm disruption and disease. The core motivation of the current study was to
examine the underlying principles relating cancer to clock gene expression at the molecular level
and to contribute to the knowledge of this interaction in the hopes that one day individuals will
understand how important occupational and lifestyle choices are.

6.1

Summary of major findings

A synopsis of results by chapter includes:
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Chapter 2
The temperature shift model resulted in a decrease in cell proliferation in MCF-7 human
breast cancer cells, HBL-100 human breast epithelial cells, and murine melanoma BL6-B16
cells. This decrease appeared to be related to changes brought about in cell metabolism. MCF-7
cells, which typically have low levels of clock gene expression, responded to exposure to a
temperature shift with an increase in clock gene expression, especially in PER2 levels over
multiple time points and showed that PER1 expression is different from PER2 expression. The
period protein gene expression profiles also differed from the transcription factors CLOCK:
BMAL and this is the expected timing based on their physiological relationship. Exposure of
cells to a serum shock protocol can also synchronize clock genes and was able to influence cell
cycle kinetics whereas exposure to the temperature shift model for 7 days does not appear to
affect cell cycle regulation.
Chapter 3
Treatment with melatonin can differently impact cancer cells and non-malignant cells.
Treatment with high concentrations of melatonin can negatively impact the viability of MCF-7
cells as measured by the ability to reduce the MTT reagent to formazan in the MTT assay but did
not affect HBL-100 cells. Treatment with low concentrations of melatonin conferred a
proliferative advantage to non-malignant cells. Melatonin treatment of malignant cells impacted
cell cycle kinetics by increasing the proportion of cells in the G1 phase and while treatment with
melatonin may change the expression profiles of clock genes there was no significant impact on
overall transcript expression.

167

Chapter 4
Exposure of cells to the temperature shift condition plus treatment with chemotherapeutic
drugs impaired MCF-7 cell metabolism in a manner that appears to be primarily be due to the
temperature shift. This response was similar to treatment with 10 nM melatonin, however cells
responded differently to other concentrations of melatonin. For example, treatment with 1 nM
and 10 nM melatonin was pro-oxidant increasing H 2O2 and -OH production, but not superoxide.
Treatment with chemotherapeutic drugs can increase intracellular ROS production with different
drugs having different intracellular effects. Treatment with cisplatin increased mitochondrial
ROS production and TFAM transcription and this relationship suggests that mitochondrial
damage is relayed to the nucleus and may be mediated by ROS. Exposure to the temperature
shift protocol increased intracellular ROS levels and since intracellular ROS levels can decrease
cell proliferation, this may be one mechanism of action to explain the anti-proliferative effects of
the temperature shift model. Treatment of MCF-7 cells with melatonin at a physiological
concentration of 1 nM or with 100 nM and greater can induce a protective effect on cells
impacted by the temperature shift protocol. This may have important therapeutic implications if
patients are receiving an anti-cancer treatment which includes ROS generation as a mechanism
of action and thus they should discuss the concurrent use of antioxidants with their oncologist.
Chapter 5
Rhø, mitochondrial defective, cells can be generated from MCF-7 human breast cancer
cells but this is not a universal ability inherent to all cancer cells. MCF-7 Rhø cells were
characterized by the loss of mtDNA-derived protein subunits using the Total OXPHOS Human
WB Antibody Cocktail ® (Abcam) and by a reduction in ATP production using a Luminescent
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ATP Detection Assay Kit® (Abcam). The long-term culture with media containing EtBr did
impact cell growth and viability. Exposure to the temperature shift protocol induced a G2M
block in MCF-7 Rhø cells and this may be a response to oxidative stress or mitochondrial
changes or both. MCF-7 Rhø cells exhibited impaired clock gene expression when exposed to
the temperature shift model and this parallels the results using other cell synchronization
procedures with Rhø cells. This suggests that impaired oxidative phosphorylation has a role in
circadian disruption.

6.2 Fulfillment of aims and objectives
Aim 1: To investigate the molecular changes that relate circadian disruption to disease by
establishing a model that influences clock gene expression in peripheral cells independent of
central oscillators.
The temperature shift protocol increased clock gene expression in MCF-7 breast cancer
cells as shown in Figure 2.10 and 2.11. Exposure to the temperature shift model does not appear
to impact the expression of circadian cycle clock genes in SCN cells (Buhr, Yoo, and Takahashi
2010). Conversely, exposure to a serum shock protocol appears to synchronize circadian gene
expression in SCN cells (Hurst, Mitchell, and Gillette 2002). Understanding how peripheral
oscillators may be differentially affected could assist in understanding the mechanisms related to
central and peripheral uncoupling.
Aim 2: To investigate the molecular changes that relate circadian disruption to disease by
examining the role of melatonin on clock gene expression and cell cycle kinetics.
Treatment with melatonin in cells exposed to the temperature shift condition caused a
change in cell cycle kinetics that exposure to the temperature shift alone did not as shown in
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Figure 3.4 and 3.5. This is consistent with other findings. There was no significant difference in
clock gene expression imposed by melatonin when melatonin is paired with a temperature shift
as shown in Figure 3.10
Aim 3: To investigate the molecular changes that relate circadian disruption to disease by
examining the role of mitochondria, reactive oxygen species (ROS) production, and cellular
redox status.
Exposure of MCF-7 cells to the temperature shift model increased intracellular ROS but
not from the mitochondria. Differences in the metabolism of MCF-7 cells exposed to
chemotherapeutic drugs plus exposure to the temperature shift are related primarily to the effect
of the temperature shift. This is a different response than what was generated by treatment with
melatonin where melatonin concentration and not the temperature shift contributed the most
significant differences. Melatonin can increase intracellular ROS levels in MCF-7 cells and can
exhibit anti-oxidant effects when those cells are exposed to a temperature shift condition.
Different chemotherapeutic drugs can generate different profiles of ROS generation. The figures
in Chapter 4 support these conclusions.
Aim 4: To investigate the molecular changes that relate circadian disruption to disease by
examining the role of perturbed energetics and cell metabolism on clock gene expression and cell
cycle kinetics.
Impaired oxidative phosphorylation negatively impacts clock gene expression in MCF-7
breast cancer cells as evidenced by Figure 5.8.
Objective 1: Explore the interconnection between the cell and circadian cycles. This requires the
interrogation of current protocols of cell synchronization including the temperature shift model
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in order to characterize a model where clock gene expression is independent of the cell cycle and
has minimal dependence on pharmaceutical or hormone interactions.
Exposure to the temperature shift did not change cell cycle kinetics in terms of phase
delays but did impact overall duration as evidenced by decreased cell proliferation. This
suggests that increased clock gene expression impacts the cell cycle duration but does not impart
a cell cycle phase delay or advance. Exposure of cells to the serum shock protocol synchronizes
cell cycle and clock gene expression and therefore it may be difficult to draw conclusions about
how clock gene expression is related to the cell cycle in experiments where a serum shock
protocol is used to increase clock gene expression.
Objective 2: Explore the impact of treatment with melatonin on clock gene expression and on
cell cycle regulation independent of each other through use of the temperature shift model.
This is addressed under Aim 2.
Objective 3: Determine the impact of drug and hormone exposure on cellular and mitochondrial
ROS production in cells exposed to the temperature shift model.
This is addressed under Aim 3.
Objective 4: Determine the impact of mitochondrial oxidative phosphorylation impairment on
clock gene expression by developing an aberrant mitochondria cell line.
This is addressed under Aim 4.
The aims and objectives for this study have been met and addressed.
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6.3 Research question and hypothesis
The central question becomes, does circadian rhythm disruption directly lead to the genomic
instability which predisposes to oncogenesis and what is the molecular mechanism?
This study did not directly answer the central question. However, the results suggest that
oxidative stress and ROS production, as it relates to mitochondrial impairment, could be a tumor
initiation factor resulting from impaired circadian gene expression in tissues. Research indicates
that shift work causes oxidative stress (Bhatti et al. 2017). An increase in ROS production
changes clock gene expression in MCF-7 cells (Johar et al. 2015)(Stangherlin and Reddy 2013).

It is predicted that a temperature shift protocol will increase clock gene expression in MCF-7
cells and part of this mechanism is due to oxidative stress such that if oxidative phosphorylation
is disrupted, circadian gene expression becomes dysregulated.
The cumulative results from this study support the conclusion that the hypothesis is
correct.

6.4 Contributions of the project to the advancement of knowledge
This project has described and characterized a model to study clock gene expression in
cell culture as an alternative to serum shock synchronization and has verified the differential
impact of melatonin on cells and on the cell cycle using the temperature shift model. Further, the
results confirmed that MCF7-derived Rhø cells are viable and can withstand manipulation by
temperature shift. Exposure to the temperature shift model increased clock gene expression in a
human breast cancer cell line that typically has very low levels of circadian gene expression and
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this is an accomplishment in itself. Exposure to the temperature shift condition can increase
ROS production in cells and to our knowledge, this has not been investigated previously. When
oxidative phosphorylation is impaired, the clock gene expression that was induced by the
temperature shift was negated, suggesting a possible mechanism for circadian rhythm disruption
impact on peripheral cell oscillators.

6.5 Next steps
The next phase of this work would be repeating the temperature shift experiments with a
luciferase reporter construct of PER2 and a second with either CLOCK or BMAL using MCF-7
cells. BMAL expression has been reported in the literature and it would be a logical next step to
involve a transcription factor and a clock effector protein. The luciferase system is reported to
be more sensitive and would allow monitoring over a greater number of time points. It is
recommended that the collection period be extended to 72 hours and the appropriate statistical
methods to determine if there are oscillating waves of gene expression representative of a
circadian cycle would also need to be employed. The luciferase paradigm may also assist in
deducing whether the temperature shift model is synchronizing clock gene expression or
inducing latent gene expression in a low frequency transcript cell line such as MCF-7 cells. It
would be very informative to use MCF-10A cells as well to represent a non-cancerous breast
epithelial cell line and/or an ERα positive breast epithelial cell line. Ideally the temperature shift
model is characterized in those cell lines which have been characterized with the cell
proliferation, cell cycle, and expression of housekeeping genes by RT-qPCR assays first. It is
important to repeat the ROS experiments in response to exposure to the temperature shift
condition for MCF-7 cells and the other cell lines and include a quantitative measurement
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method for the superoxide radical to measure the mitochondrial contribution as well total cellular
ROS production.
It would also be informative to selectively impair the subunits of oxidative
phosphorylation through the serial addition of drugs and chemicals that are knows to impair
specific subunit function and examine ROS production and clock gene expression. This might
elucidate if a particular mtDNA mutation had an effect on clock gene expression or its relative
contribution.
Another important aspect with using the MCF-7 Rhø cell line of inquiry would be to
specifically examine apoptosis markers and proliferation markers during the cell cycle in
response to exposure to the temperature shift protocol. It would be very interesting to combine
melatonin addition and the temperature shift model in treating MCF-7 Rhø cells and examine the
effect on cell cycle kinetics and clock gene expression to determine how these factors might be
interrelated.
The temperature shift model requires study in a larger variety of cell lines in vitro.
Testing the model with human lymphocytes ex vivo and examining clock gene expression may
be the first step to examining night shift worker lymphocyte circadian gene expression as
compared to controls in an attempt to get better answers to the central question of how chronic
circadian disruption is involved in oncogenesis.
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Appendix 2.
Two-way ANOVA results for MTT assay
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Appendix 3.
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