
 
 

Instituto Tecnológico y de Estudios Superiores de Monterrey 
Campus Monterrey 

 
 

School of Engineering and Sciences 
 

 
   

Rhythmic expression of microRNAs in entrained human breast cell lines  
 

A dissertation presented by 
 

Rafael Julián Chacolla Huaringa 
 

Submitted to the 
School of Engineering and Sciences 

in partial fulfillment of the requirements for the degree of 
 
 

Doctor  

in  

Biotechnology 
 
 
 

Monterrey Nuevo León, June 30th, 2021



iii 
 

Dedication 

 

 

 To my parents, Julián Chacolla Paquita y Celia Huaringa Contreras, as well as my 

brother who was the inspiration to push my limits all times. Finally, to my wife, Ana Olimpia 

Balán and my daughter Rosalía who gave me the last breath. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

Acknowledgements   

 

 I am infinitely grateful for the aid of genteel people such as workers and professors 

for their academic services from TEC de Monterrey and CONACyT for their financial 

support that have made things possible. There are a lot of people to thank for their support, 

but I have to mention three persons who changed the horizons of my scientific career 

through academic field:  

 

 Dr. Sean Scott and Dr. Victor Treviño for their support as advisors of this thesis, 

their help was invaluable for my research. My colleagues from Therapy Cell and 

Bioinformatics focus groups provide great moment along the period of thesis. Dr. Rocío 

Ortiz was a valuable support and appreciate her feedback on the heading of thesis.  

 

 Dr. Magdaleno Pérez and Dr Consuelo Cantú are valuable persons who changed 

my life on industry sector. I always have in mind their advices and support while I worked 

with them, as well as my friends forever. 

 

 My parents, Celia Huaringa and Julián Chacolla for their love, support and sacrifice 

through all these years. I have a special thanks to my brother William, because he is 

always an ideal image to follow. My friends from Peru are a great motivation every day 

and I thank them for their advices to never to give up on this challenge. 

 

 

 

 

 

 

 

 

 



v 
 

Rhythmic expression of microRNAs in entrained human 
breast cell lines  

 

by 
 

Rafael Julián Chacolla Huaringa 
  

Abstract 

 
 Circadian rhythms is an essential system for temporal (~24 hours) regulation of 

molecular processes in diverse organisms. Dysregulation of circadian gene expression 

has been associated to pathogenesis of various disorders, including hypertension, 

depression, and diverse cancers. Recently, microRNAs (miRNAs) have been identified 

as key modulators of gene expression post-transcriptionally, and perhaps involved in 

circadian clock architecture or their output functions. The aim of the present study is to 

explore the temporal expression of miRNAs among entrained human breast cell lines. 

Thus, we evaluated the temporal (28 hours) expression of 2006 miRNAs in breast non-

tumorigenic cell line, MCF-10A, and tumorigenic cell lines, MCF-7 and MDA-MB-231 

using microarrays technology after serum shock entrainment. We determined miRNAs 

that exhibit rhythmic fluctuations in each breast cell line, and some of them across two or 

three cell lines. Afterwards, we confirmed rhythmic profiles exhibited by miR-141-5p, miR-

1225-5p, miR-17-5p, miR-222-5p, miR-769-3p, and miR-548ay-3p in the above cell lines, 

as well as in ZR-7530 and HCC-1954 using RT-qPCR technology. Our results show that 

serum shock entrainment in breast cells lines induces rhythmic fluctuations of distinct sets 

of miRNAs, which have the potential to be related to endogenous circadian clock, but 

extensive investigation is required to elucidate that connection. 
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Chapter 1    

Introduction 
 

The circadian clock conducts the biological timekeeping of most species in cells by 

regulating physiological processes with a periodicity of 24-hours approximately [1]. In 

particular, extensive evidence shows that mammalian cells present synchrony between 

their external and internal environment, which is important for their well-being and survival 

[2], thus, lack of synchronicity might trigger physiological disorders, such as depression, 

diabetes, hypertension and cancer [3], [4].  

Meanwhile, regarding molecular basis, the circadian system has been studied in 

diverse molecular levels, such as transcription, translation, protein-protein interaction and 

phosphorylation, which might participate in the biological orchestra of 24-hour 

environmental period [5], [6]. To date, the scientific community has revealed that circadian 

system has key actors, such as “clock” genes and their protein products which are settle 

to organize an auto-regulatory feedback system [7], [8], but the knowledge about how 

these processes interact with each other is yet unknown. 

Recently, new insights about post-transcriptional regulatory events have been 

recognized as key factors of the circadian system [9]. The microRNAs (miRNAs) are a 

group that regulate the gene expression and subsequent protein translation [10], [11]. 

The link between circadian behavior and miRNAs, genes, and proteins is well studied. In 

2006, a study in mice liver, it revealed that up to 20% of the soluble proteins show a 

circadian expression, whereas only about 10% of the genes show cyclic behavior, then 

both evidences suggest certain regulation by miRNAs [12]. In addition to the previous 

statement, it has also been reported that particular miRNAs have rhythmic patterns of 

expression through time periods in mice [13], [14], and rats cells [15], [16]. However, there 

are also evidences that circadian pattern expression of miRNAs might relate to breast 

cancer. During last decade, there has been an increasing amount of studies linking 

alterations of miRNA expression to breast cancer cells [17], [18]. However, in 2015, the 

concept turned around, a study revealed that circadian disruption induces changes of 
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miRNA levels in mammary tissues of rats with potentially malignant consequences [19]. 

All this evidence still needs to be validated, and more specifically, the determination of 

possible circadian pattern expression given by miRNAs in breast cancer cells. 

 

 Taken together, these findings suggest a biological relationship between the 

circadian system and miRNA expression. We aimed to explore miRNAs temporal 

expression in human breast cell lines. For this purpose, we initiated the study by 

establishment of cell culture, entrainment of breast cell lines and obtaining cell-samples 

at 4-hour intervals through 48 hours. Thus, miRNA temporal expression was evaluated in 

three human breast cell lines, MCF-10A, MCF-7, and MDA-MB-231 cells over a period of 

28 hours. These results were used to determine rhythmic miRNAs patterns. Based on 

this analysis, six miRNAs were selected to confirm the rhythmic profile by RT-qPCR 

assays through 48 hours, this confirmation was tested in normal breast cell lines MCF-

10A, and four breast cancer cell lines, MCF-7, MDA-MB-231, ZR-7530 and HCC-1954. 

 

1.1 Motivation 

            Since 1960s, it has been reported that circadian rhythm disruptions might lead to 

an increased likelihood of mammary tumor development. This statement was due to the 

expression that some circadian genes are the key components in tumor progression [20]. 

In previous decades, studies have suggested those alterations in circadian rhythms are 

linked to huge molecular events [21], such as involved in genomics [22], transcriptomics 

[23], proteomics [24], metabolomics [25], microbiome [26], etc. However, the concept of 

rhythmic expression, as a possible behavior observed in those molecular events is still 

not well studied. Specifically, miRNAs, a group of molecules studied in the transcriptomics 

field, have insufficient evidence about possible rhythmic expression behavior among 

normal and cancer breast cell lines. This investigation might add some evidence about 

the connection of miRNA rhythmic expression in breast cancer.   
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1.2 Problem Statement and Context 
 
 The scientific advances regarding circadian rhythm in breast cancer is currently 

increasing day-to-day. However, there are still gaps due there are a lot of molecular 

intermediates or events, which make it harder to build a possible biological explanation 

for this matter. Thus, disruption of the circadian rhythm has been indicated as a risk factor 

for breast cancer in epidemiological studies [27], [28]. Additionally, some molecular 

evidences intent to explain the relationship between circadian clock and breast cancer 

[29], [30].  However, seen from another angle, there are molecular intermediates, such 

as miRNAs, on which their expression is also related to breast cancer [31], [32]. Although, 

all those evidences are increasing day-to-day, there is insufficient evidence about the 

connection of all these pieces in order to understand the true connection between 

circadian clock and miRNAs expression behavior in breast tumorigenic cells. 

 

1.3 Research Question 

Might miRNAs exhibit rhythmic expression in human non-tumorigenic and tumorigenic 

breast cell lines? 

 

1.4 Solution overview 

In this research, I designed a methodology to determine if miRNAs might show certain 

rhythmic patterns among breast cell lines. This research methodology has three phases: 

 

A. Entrainment of human breast cell lines. 

B. Determination of miRNAs with rhythmic pattern expression (period of 28 hours) by 

microarrays in three human breast cell lines, MCF-10A, MCF-7, and MDA-MB-231. 

C. Validation the rhythmic expression of six microRNAs (period of 48 hours) by RT-

qPCR in human breast cell lines, MCF-10A, MCF-7, MDA-MB-231, ZR-7530 and 

HCC-1954. 

  

 



Chapter 2. Theoretical Framework   17 
 

17 
 

Chapter 2 

Theoretical Framework 
 
2.1 Biological clocks as central feature of life 

Timing regarding physiology, behavior and cognitive processes in organisms from 

bacteria to mammalian is mainly orchestrated by a complex biochemical feedback system, 

which endogenously generate or promote certain rhythmic phenomena, called   

oscillations, termed circadian rhythms [33]–[35]. Biological timing systems function to 

anticipate and adapt an organism to events occurring within its environment [36], [37], 

such as increased efficiency of metabolic processes [38], circadian regulation of  the 

cellular response to DNA damage [39] and possibly has a role in the cellular coordination 

of growth of malignant cells, cancer [40]–[43]. 

 

2.1.1 Circadian rhythm in living organisms - human 
 

 Almost all living organisms have evolved to co-ordinate their activities according 

the daily environmental cycles (light/darkness) caused by the rotation of earth around the 

sun. Biological processes that cycle in approximately 24-hour intervals (light/darkness) 

are called daily circadian rhythms [44]. In fact, the term ‘circadian’ is came from Latin 

words “circa” meaning around and “diem” or “dies” meaning day together translating to 

“approximately one day”. 

 

 The circadian rhythms are generated and sustained by the cell autonomous 

circadian clock system, which is a molecular machinery that drives and regulates a wide 

variety of physiological event, such as cyanobacteria cell division [45], fungal sporulation 

[46], plant growth and flowering time [47], and sleep/wake cycles in animals [48], 

[49]. Specifically, in humans, the circadian system is responsible for most physiological 

and behavioral functions across days and nights [50], see Figure 1, such as sleep-wake 

cycle [51], feeding behavior [52], core body temperature [53], hormone levels [54], blood 

pressure [55], metabolism [56], immune system [57], gut microbiome [58], etc. 
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Figure 1. Physiological functions regulated by circadian system. This system core consists of 
hypothalamic pacemaker, which is located SCN and communicates through various neural and 
endocrine signals to drive diverse physiological levels. An individual progress through the regular 
24-h cycle of sleep (grey shading) and wakefulness, thus, his metabolism is adjusted accordingly 
demands and opportunities of the solar day. Melatonin, core temperature and serum cortisol are 
well-known biological variables with circadian regulation. Image taken from [50]. 

 

2.1.2 Circadian rhythm as a hierarchical network 
 

Circadian rhythms are regulated by an internal molecular timing system, circadian 

clock, which is an endogenous, self-sustaining network composed of three main 

components: input pathways, the central pacemaker and output pathways [59]–[61]. 

Nearly every mammalian cell type contains a circadian clock, giving rise to a multi-

oscillator system in vivo [62], [63], see Figure 2. These oscillators can be divided into two 

classes: the central pacemaker and peripheral oscillators [50].  
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bHLH-PAS PROTEINS

Transcription factors
characterized by a basic
helix–loop–helix (bHLH) motif
that facilitates DNA-binding and
dimerization, and PAS
protein–protein interaction
domains that facilitate
formation of heterodimeric
complexes. They are
characteristically involved in
developmental events and
adaptation to the environment.

RORE DNA SEQUENCES

Regulatory DNA sequences that
are a target for retinoic acid
receptor-related orphan
receptors (ROR) — nuclear
proteins with homology to
retinoic acid receptors. The
typical ROR element in the
circadian system has the
nucleotide sequence AGGTCA.

DNA E-BOX SEQUENCES

Regulatory DNA sequences that
enhance transcription by
providing a target for
transcription factors, including
bHLH-PAS proteins. They are
involved in cell division,
differentiation and apoptosis.
The typical E-box in the
circadian system has the
nucleotide sequence CACGTG.
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that the circadian timing mechanism is not an emergent
property of the SCN neuronal network. It is cell
autonomous, with individual SCN neurons able to
define and express their own circadian time (FIG. 1c). The 
γ-aminobutyric acid (GABA)-containing neurons of
the SCN are segregated into a dorsal ‘shell’, characterized
by vasopressin (AVP) expression, and a ventral ‘core’
where the neurons contain vasoactive intestinal polypep-
tide (VIP)11. Both divisions innervate a range of targets.
Multi-synaptic links through the hypothalamic 
paraventricular nucleus carry circadian outflow to the
adrenocorticotropic axis and to autonomic ganglia that
innervate the viscera12, whereas innervation of the 
dorsomedial hypothalamus contributes to circadian 
control of the orexin/hypocretin system, which consoli-
dates wakefulness13. This circadian control of rest/activity
cycles involves paracrine signalling: secretion of trans-
forming growth factor-α (TGFα)14 and prokineticin-2
(PK2)15 by the SCN is implicated in activity regulation.
Other circadian outputs, such as melatonin and 
corticosteroid secretion, depend on the integrity of
‘hard-wired’neural connections12.

In the SCN, GABA acts as a primary synchronizing
signal among SCN neurons16. In addition, the VIP neu-
rons of the core act through the VIP receptor subtype 2
(VPAC2), which is highly expressed across the SCN. In
VPAC2-deficient mice, circadian activity/rest cycles are
severely disrupted, and circadian cycles of gene expres-
sion, including AVP, are attentuated across the SCN17.
This is accompanied by a reduction in spontaneous firing
in SCN slices, and loss of the circadian rhythm of
electrical activity18. So, although isolated individual SCN
neurons can act as autonomous circadian clocks, if
the balance between VIP, GABA and other signalling
pathways is disturbed, the core oscillator is disabled.

Clock genes and circadian oscillation
How might an individual neuron sustain a 24-h oscilla-
tion? The identification of mammalian homologues of
genes encoding the circadian clockwork of Drosophila
supports a model of interlinked transcriptional and
post-translational feedback loops in which complexes of
the protein products of ‘clock’ genes enter the nucleus
and suppress transcription of their cognate genes8 (FIG. 2).
The negative components of the loop are the products of
three Period (Per) and two Cryptochrome (Cry) genes. Per
and Cry messenger RNAs peak in the SCN in mid-to-late
circadian day, regardless of whether an animal is noctur-
nal or diurnal19. Per and Cry proteins peak about 4 h
later, when they form stabilizing complexes that allow
them to enter the nucleus and suppress gene expression.
The engine of the clock, against which Per/Cry com-
plexes act, is transcriptional activation of Per and Cry
expression by heterodimers consisting of the basic
helix–loop–helix (bHLH)-PAS PROTEINS Clock and Bmal1
(MOP3). Clock mRNA and protein are constitutively
expressed in the SCN20, whereas Bmal1 mRNA expression
peaks in the middle of the circadian night. This delayed
expression of Bmal1 depends on Rev-erbα, another 
gene that is controlled by Clock/Bmal1 (REFS 21,22).
The Rev-erbα protein peaks in late subjective day, and

The SCN as our body clock
The SCN are the ‘head ganglion’ of the circadian timing
system8. They are remarkable structures, able to express 
in vitro sustained circadian cycles of electrical firing,
cytosolic Ca2+ concentrations9 and gene expression10 that
underpin the circadian organization of the individual.
Recordings from single dispersed SCN neurons reveal
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Figure 1 | A brief history of circadian time. a | Detail from
John Wren’s Herbal Treatise (1632) describing the daily ebbs and
flows of the four humours that we would now recognize as
circadian (courtesy of P. Redfern, University of Bath, UK and 
M. Hansen). b | A contemporary view of circadian organization in
which a hypothalamic pacemaker, in the suprachiasmatic nuclei
(SCN), communicates through various neural and endocrine
links to drive and/or synchronize rhythms in peripheral physiology
and behaviour. This ensures that as individuals progress through
the regular 24-h cycle of sleep (grey shading) and wakefulness,
their metabolism is adjusted accordingly to anticipate the
demands and opportunities of the solar day. ANS, autonomic
nervous system. Modified, with permission, from REF. 151 
(1998) BMJ Publishing Group Ltd. c | Cell-autonomous circadian
time-keeping reflected in the spontaneous firing rate of an
isolated SCN neuron in culture. Modified, with permission, from
REF. 16  (2000) Elsevier Science.
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Figure 2. Architecture of mammalian circadian clock system. The circadian clock mainly consist of 
three components: the inputs, ~24-h clock and the outputs. The SCN is the central pacemaker at 
the top of the hierarchy, which is synchronized by the external 24-h cycle and in coordinates 
physiological outputs. Thus, whole clock machinery is important for robust operation of the entire 
body, regulating rhythms such as locomotion, body temperature and others. Image taken from [63]. 

 

In mammals, this pacemaker is located at suprachiasmatic nucleus (SCN) of the 

anterior hypothalamus, which is composed of approximately 20,000 neurons, each of 

which can produce coordinated circadian outputs that regulate the gene expression to 

promote circadian alteration in physiology and behavior [64].  

On the other hand, the peripheral oscillators are a cell-autonomous clock systems 

found in peripheral organs or tissues, such as the heart, liver, lung and skeletal muscle. 

The peripheral clocks are synchronized differently than the SCN as they do not receive 

direct light input [50]. Instead, they respond to other stimuli, such as feeding, hormones, 

or metabolites, which have yet to be fully characterized as well as the mechanisms by 

which these clocks communicate with one another [50], [65].  

 

2.1.3 Molecular circadian clock 
 

The circadian rhythms of every mammalian cell from SCN or peripheral tissues are 

regulated by their own internal molecular timing system, circadian clock, which is an 

endogenous, self-sustaining network composed of three interlocking transcription-

 
Figure 1.6 The organization of the mammalian circadian clock system (adapted from 
Liu, 2007). The eye (retina) is the primary sensory organs to receive external signals 
for the circadian clock entrainment. The photic signals from the retina are transferred 
to the SCN, which is the internal master pacemaker. The SCN neurons ‘share time’ 
through communications via gap junctions, neurotransmitters and electrical signals 
(intercellular synchronization). Neuroendocrine signals from the SCN provide the 
time information for the synchronization of peripheral organs like liver, lung and 
kidney (Internal organ synchronization). In this process the SCN signals can act 
indirectly by driving rest-activity and feeding fasting cycles. Virtually all physiology 
is circadian in mammals. 
 

 

The entrainment of the circadian clock of the SCN neurons will be used as a 

model to illustrate different modes of signaling pathways. The SCN is entrained by 

daily light input from the eyes. However, the SCN does not respond to light in the 

same way throughout the day. No phase shift was observed when the light pulse was 

given during the subjective light phase. A light pulse given during the first half of the 

subjective night causes phase delays, while a light pulse given during the second half 

of the subjective night in engenders phase advances. This phenomenon is called 

gating (Daan and Pittendrigh, 1976)(as shown in figure 1.7).  

19
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translation feedback loops (TTFL) [66]. Each of these loops is defined by its components 

act: the E-box, RRE, and D-box loop. 

 

The E-box loop is also called core loop and is needed for cycling on clock system. 

It contains transcription factors, such as bmal1 (official name: arntl) and clock, which 

dimerize and activate transcription of target genes through E-boxes (CACGTG), the 

Period genes (PER1, PER2, PER3) and Cryptochrome genes (CRY1, CRY2). Particularly, 

per and cry proteins dimerize and repress the transcription of BMAL1 and CLOCK genes 

[59], [67], [68]. Subsequently, the RRE and D-box loop are actor, which are interlocked 

with core loop, and at date, they are considered to play important roles in phase resetting 

(conferring input to synchronize clock to the external environment), stabilizing the core 

loop, and in regulating some clock outputs (See Figure 3). The RRE consists of ROR  

transcriptional activators (RORa, RORb, RORc) and REV-ERB transcriptional repressors 

(REV-ERBα, REV-ERBβ) [59], [67]. 

 

Briefly, BMAL1/CLOCK complex activates the transcription of ROR and REV-ERB 

genes through E-boxes on their promoter sequences. Specifically, RORs and REV-ERBs 

competitively bind to RRE sequence ([A/T]A[A/T]NT[A/G]GGTCA), allowing them to 

feedback on the core loop through the RRE in the bmal1 and clock promoters. The D-box 

loop consists of the transcription activator DBP and the repressor E4BP4 (official name: 

NFIL3). BMAL1/CLOCK activates transcription of DBP gene; while E4BP4 transcription 

is controlled by an RRE in its promoter. DBP and E4BP4 act as transcription activator 

and repressor, respectively, through binding to D-boxes (TTA[T/C]GTAA) in target genes, 

including the PER genes [59], [67]. 

 

2.1.4 Circadian clock-mediated whole transcriptome  
  

These circadian components above orchestrate a robust 24-h timekeeper that 

drives oscillations in output gene expression [69]. In fact, approximately 10% of the 

genome exhibits circadian cycles in any tissue, but in a tissue-specific manner, such as 

liver, heart, kidney, lung, etc. [70]–[73]. The respective roles of the central pacemaker 
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and peripheral clocks observed in certain transcripts of transcriptome entails several 

physiology and behavior changes that remain unknown [74].  

 

 
Figure 3. Clock molecular network. The E-box mediated the negative feedback of per and cry 
proteins towards transcriptional complex CLOCK/BMAL1. Additionally, recent investigations also 
suggest negative feedback loop with the nuclear receptors Rev-erb-α and Rev-erb-β through RORE 
enhancers, due they might generate self-sustained oscillations. 

 

 
Figure 4. The circadian expression in central and peripheral clocks. The SCN promote electrical and 
humoral signals to synchronize phases of local circadian clocks oscillations, which is dependent 
of peripheral organ. 

 

2.1.5 Circadian clock and posttranscriptional mechanisms 
 

 According to how circadian rhythm has been discussed till now, it is a fundamental 
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the SCN lead to altered cycles of hormonal synthesis, sleep patterns, 
drinking and locomotor activity1,2,11, presumably through a complex 
network of humoral factors that control behavior and physiology.

How does the SCN synchronize these peripheral clocks? Some 
intriguing results are beginning to provide some answers. Expression 
of the SCN secreted protein prokineticin-2 (PK2) is light-sensitive, and 
PROK2 (or PK2) mRNA levels oscillate in a circadian manner, suggest-
ing a clock-controlled network. Levels of this protein are likely to regu-
late behavior and locomotor activity in mice, presumably through PK2 
receptors (PKR2) found in surrounding regions of the brain, such as 
PVN and dorsomedial hypothalamus13. Similarly, transforming growth 
factor-A is another output signal of the SCN that has been implicated in 
controlling sleep and locomotor activity by binding epidermal growth 
factor receptors found in the hypothalamic subparaventricular zone14. 
Glucocorticoid levels are similarly oscillatory, as monitored by ablation 
of the SCN and the resultant loss of rhythmic levels of plasma glucocor-
ticoids and feeding patterns15. Of particular interest, glucocorticoids 
can also feed back and entrain the peripheral circadian clock, as dexa-
methasone treatment of rat-1 fibroblast cells rapidly induces Per1 gene 
expression16. This effect is specific to peripheral clock systems, as SCN 
neurons are not entrained by dexamethasone treatment.

Overall, the central circadian clock system in the SCN directs 
peripheral clocks, and, through several entrainment factors, the circa-
dium system displays plasticity and diversity in systemic timekeeping. 
It is unclear how such complex regulatory networks operate to main-
tain biological timekeeping. The extent of this systemic pacemaker 
network is not fully understood.

Clocks are everywhere, but is their clockwork the same?
It is clear that the interaction between the central and peripheral clocks 
is characterized by great heterogeneity. Furthermore, even though the 
SCN and the peripheral clocks are closely linked, their circadian func-
tions and output are vastly divergent, begging the question of how the 
pacemakers intrinsic to these tissues may differ. For example, SCN 
neurons from neonatal rats show independent circadian rhythmicity 
in neuronal firing rate when cultured in vitro, and unaltered circadian 
behavior reemerges in these cells after reversible disruption of action 

potentials17. In contrast, cultured cells from 
peripheral tissues that have a circadian cycle 
do not show sustained and synchronous oscil-
lations18. Are there common features within 
the programs of circadian gene expression in 
the central versus the peripheral clocks? Also, 
among peripheral clocks, are there tissue-spe-
cific transcriptional regulators whose actions 
intersect with the clock machinery?

Several genome-wide array analyses have 
been centered on determining the propor-
tion and specificity of cycling transcripts, so 
as to understand tissue-specific gene expres-
sion programs. The first remarkable finding 
was that ~10% of all expressed genes in any  
tissue are under circadian regulation12,19. This 
unexpectedly high proportion of circadian 
transcripts suggests that the clock machinery 
may direct widespread events of cyclic chro-
matin remodeling and consequent transcrip-
tional activation/repression. Furthermore, 
genome-wide studies comparing the central 
SCN pacemaker and peripheral tissues, such 
as the liver, revealed that between 5% and 

10% of cycling genes are identical in the two tissue types12,19. A recent 
analysis covering 14 mouse tissues identified ~10,000 known genes 
showing circadian oscillations in at least one tissue. Not surprisingly, 
the number of common genes showing circadian oscillation in mul-
tiple tissue decreased sharply as the number of tissues included in the 
comparative analysis increased, with only 41 genes showing circadian 
oscillation in at least 8 out of 14 tissues20. These findings underscore 
the presence of molecular interplays between the core clockwork, 
which can be assumed to be common to all tissues, and cell-specific 
transcriptional systems. Taking into consideration the view of the 
mammalian circadian clock as a transcriptional network21,22, through 
which the oscillator acquires plasticity and robustness, it is reason-
able to speculate that the clock network contributes to physiological 
responses by intersecting with cell-specific transcriptional pathways. 
We hypothesize that this complex protein interaction network impli-
cates cell-specific chromatin remodeling events.

Non-clock invitees to the circadian machinery
Neurons in the SCN express oscillating genes for the most part impli-
cated in neuropeptide/neurotransmitter synthesis, cellular redox state 
and energy usage. Peripheral cells, by contrast, express genes required 
for tissue-specific actions: hepatocytes, for example, show a distinc-
tive profile, with oscillating transcripts primarily involved in metabo-
lism19. It is hard to account for these fundamental differences solely 
on the basis of the core clock machinery, as the core circadian proteins 
are conserved in the SCN and peripheral tissues. Instead, interactions 
between the core clock machinery and non-clock transcriptional net-
works may dictate tissue-specific circadian transcriptomes. In sup-
port of this idea, core clock components have been shown to interact 
with other transcription factors, such as cAMP responsive element 
binding protein (CREB)23, the glucocorticoid receptor24 and inhibi-
tor of DNA binding-2 (Id2)25, suggesting that more extensive and 
definite interactions may contribute to the physiological specificity 
of individual peripheral oscillators. This concept could be further 
extended by simply considering that differences in gene expression 
profiles of peripheral circadian clock networks could be caused by 
the preferential recruitment of specialized transcription factors or 

Figure 1 The circadian CLOCK network. The core circadian transcription factors, CLOCK and 
BMAL1, direct E-box–mediated transcription of clock-controlled genes (CCGs), including 
activators and repressors of the circadian system. PER and CRY protein translation occssurs at 
night and subsequently causes repression of the core CLOCK:BMAL1 transcriptional complex. 
Degradation of the repressors PER and CRY prompts a new circadian cycle whereby CLOCK:
BMAL1 transcription is reinitiated. In addition to transcriptional regulation, post-translational 
modifications are crucial for the modulation of circadian proteins. The figure shows only 
phosphorylation, which can be elicited by several kinases, including CKIE, CKID, CK2A, GSK3B 
and AMPK. Other post-translational modifications of clock proteins include acetylation, 
sumoylation and ubiquitination. RRE, REV-ERB/ROR response element.
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system in diverse organisms, and it is composed of transcripts and proteins that are 

interacting in a cell-autonomous transcriptional feedback loop. Interestingly, if these 

components are stimulated, repressed or affected, then they can dramatically alter the 

circadian clock system [75], [76]. To date, there has been reported several post-

transcriptional mechanisms and components that could interact with circadian clock and 

adjust the timing of the clock (approximately 24 h) for further implications in health and 

disease [77].  

 One of the hallmarks regarding transcriptional feedback loop is the daily oscillation 

of clock-related RNA and proteins [78]. To sustain such oscillations, some 

posttranscriptional modifications are needed to avoid the generation of a steady state [5]. 

Hence, diverse events in gene expression, including RNA events, such as RNA 

processing, RNA export, RNA decay, and RNA translation are required for controlling 

circadian clock system. Thus, when transcription is initiated, one of the first events that 

occur in the nucleus is the addition of a “cap” structure by the heterodimeric cap-binding 

complex. 

Subsequently, the intronic sequences are removed, a process called splicing, and 

the polyadenylation complex cleaves and adds a poly(A) tail to the 3’ end of the transcript 

(Fig. 1). All these processes are interlinked by affecting downstream events, such as RNA 

export and translation.  

It is well-known that daily oscillations of RNA and/or proteins are a central feature 

of circadian clock system. Cycling mRNAs are generally considered to be under 

transcriptional regulation. Nevertheless, rhythmic synthesis would require an oscillating 

mRNA with a certain short half-life, and/or the oscillating mRNA could be regulated post- 

transcriptionally. Thus, stable RNA expression throughout the circadian cycle could damp 

or abolish the amplitude of the oscillation expression. 

2.2 Significance of miRNAs  

 The miRNAs are a large family of small non-coding RNAs (~22 nucleotides 

approximately) that are responsible of gene expression by for post-transcriptional 
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regulation [79]. The regulation of the expression of target genes occurs through imperfect 

base pairing of the 3’ untranslated region (3’ UTR) of messenger RNAs (mRNAs) thereby 

dampening mRNA expression [11].  

 

 The miRNAs can be found encoded in intergenic regions, exons or introns. In 

humans, around half of all known miRNAs are expressed from non-protein-coding 

transcripts [80]. Considering that more than 1,000 individual miRNAs have been identified 

in humans [81], then an individual miRNA might target one to thousands of different 

mRNAs, and this mRNA can be coordinately inhibited by different miRNAs, the miRNA 

biogenesis pathway therefore has a key role in gene regulatory networks [10].  

 

2.2.1 Basic structure and biogenesis of miRNAs  
 

 The miRNA biogenesis is an evolutionary conserved mechanism among species.  

Approximately 30% of miRNAs are processed since introns of coding genes, and other 

group of miRNAs are expressed from dedicated miRNA gene loci [82]. In the nucleus, the 

first stage in miRNA biogenesis (illustrated in Figure. 5) is the transcription by RNA 

polymerase II (Pol II), resulting in the primary form (pri-miRNA), which includes a 5’ cap 

and a 3’ poly-A tail [10]. An individual pri‐miRNA can produce a single miRNA or clusters 

of two or more miRNAs that will be processed from a common primary transcript [82]. 

Each pri-miRNA has a secondary structure, a hairpin, which contains the sequence of a 

mature miRNA [83]. These hairpins are recognized by the enzyme-complex referred as 

microprocessor where the RNase III type endonuclease, called Drosha is a key 

component [84]. Drosha introduces a cut in the stem of the hairpin within the pri-miRNA 

that releases a shorter hairpin (with the stem ≈ 33 nt), called the precursor-miRNA (pre-

miRNA) [84]. Afterwards, the pre-miRNA is exported out of the nucleus into the cytoplasm, 

assisted by Exportin 5 complex, which uses Ran-GTP and only binds strongly to correctly 

processed pre-miRNAs [85]. 
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Figure 5. Overview of miRNA biogenesis pathway. The miRNAs are initially transcribed as primary 
as pri-miRNAs by Pol II in the nucleus. Thus, these are cleaved by microprocessor to produce pre-
miRNAs, which are then exported from nucleus to cytoplasm. Image taken from [82].  

  

In the cytosol, a final processing step, it is required to produce mature miRNAs. It 

is carried out by another RNAse III nuclease, DICER1, which cuts out the loop in the pre-

miRNA to its ~22 bp, double stranded form, known as the miRNA duplex [86]. This cut 

process is assisted by TRBP (transactivation-responsive RNA-binding protein) [84]. 

Additionally, TRBP links DICER1 with argonaute proteins (ago1, ago2, ago3 or ago4) to 

participate in miRNA-induced silencing complex (miRISC) [87]. Thus, one strand of the 

mature miRNA linked to argonaute protein and retained in the miRISC complex, which 

guide together with GW182 family to complementary target mRNAs for post-

transcriptional gene repressing [88]. This last molecular event occurs in the processing 

bodies (P-bodies), which are cytoplasmic ribonucleoprotein (RNP) granules primarily 

composed of repressed mRNAs and proteins related to mRNA decay [89]. 

 

 In the last decade, post-transcriptional regulation of miRNA expression is a matter 

that has begun to receive more attention, because there is certain evidence that every 

step of the miRNA biogenesis is subject to regulation and might considerably change the 

path of miRNA expression [83]. 
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2.2.2 Nomenclature of miRNAs 
 

 The first miRNA identified have been shown a possibly regulatory role in 

Caenorhabditis elegans in 2001 [90]. Afterward, other miRNAs were discovered in plants 

[91]. Discovery of these small RNAs revolutionized our understanding regarding 

regulation of gene expression, thus, miRNAs became a major focus of many worldwide 

research groups. 

 

 Numerous investigations carried out a rapid accumulation of a vast number of new 

miRNAs, thus a central registry and repository database, ‘microRNA Registry’ (miRBase) 

was first established in 2002 [92], [93]. 

 

2.2.3 MiRNA in normal biological processes 
 

 The miRNAs are potent regulators of gene expression and have been known to 

participate in key roles of normal development. Many studies have shown miRNAs 

featuring in normal muscle development, embryonic development and lymphocyte 

differentiation [54]. However, in relation to normal breast physiology, little research has 

been carried out. One study showed that 7 groups of miRNAs are associated with distinct 

phases of the breast development when examined in juvenile and adult mouse mammary 

glands [55]. Research such as this is critical, as an understanding of normal miRNA 

function will allow scientists to understand how aberrant miRNA function influences 

carcinogenesis. 

 

2.2.4 MiRNA in cancer 
 
 Cancer development involves multiple-step alterations in oncogenes and tumour 

suppressor genes through a period of time. Abundant data have already been published 

in regards to how important the role of miRNAs is among many pathways involved in the 

pathogenesis of cancer. In 2002, a report provided the first evidence about the connection 

between microRNAs and cancer, this research showed miR-15 and miR-16 located at a 
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genomic region frequently silenced in chronic lymphocytic leukemia [94]. Since this 

evidence, numerous researchers started to investigate diverse angles regarding this 

biological connection [95], one of them, the levels of expression of several microRNAs in 

a wide range of human cancers [96], [97]. Furthermore, there are scientific evidences 

where miRNAs showed tissue-specific expression signatures and promoted or 

suppressed tumour development and progression, thereby influencing all the hallmarks 

of cancer postulated by Hanahan and Weinberg [98].  

 
Figure 6 The miRNA involvement in hallmarks of cancer. Abnormal miRNA expression affects 
signaling pathways at diverse physiological levels to enhance tumorigenesis. This image depict 
representative miRNAs that have been studied to act as oncogenes or tumor suppressor. Image 
taken from [99] 

 
 The miRNAs can function as oncogenes or tumour suppressors in the majority of 

cancers. Tumour suppressor miRNAs are usually down-regulated in cancer and the 

majority of the miRNAs are considered tumour suppressors [100]. Oncogenic miRNAs, 

also known as oncomiRs, tend to up-regulate oncogenes or suppress tumour suppressor 

genes [101]. However, few miRNAs have been already described as truly tumour 

suppressors, with functional data published. Curiously, some miRNAs can act as both 

suppressors and oncogenes, depending on the microenvironment [102]. 
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2.3 Breast Cancer  

 Breast cancer is one the most frequent cancer types among women around the 

world [103]. Despite the huge scientific progression in breast cancer investigation, much 

is still needed to better understand this heterogeneous disease. In the past years, the 

incidence of breast cancer has been increasing due to improved life expectancy and 

lifestyle choices such as birth control pills, smoking, alcohol consumption, and 

urbanization [104]. Thus, there are intrinsic factors conditioning the occurrence of breast 

cancer is the familial susceptibility. Several studies have identified genes whose function 

is associated with an increased risk of occurrence of malignant breast cancer. The most 

important genes, BRCA1 and BRCA2 (breast cancer susceptibility 1 and 2) are known as 

tumor suppressor genes in a cell [105]. However, last years, there are evidences that 

miRNAs have some biological participation on breast cancer initiation, progression and 

survival [106]. 

 

2.3.1 Breast biology  
 

 Breast tissue is mainly composed of lobes (lobules), ducts (hollow tubes) and 

stroma. Each lobule contains a network of milk producing glands, each terminating into 

the papilla (nipple) via small ducts lined with myoepithelial cells [107]. The milk ducts and 

lobules lie within adipocytes and connective tissue as shown in Figure 7 [108]. Around 

80% of breast cancers occur in the ductal region, while the remaining 20% seem to 

originate in the lobules. 
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Figure 7 Components of the breast. Image taken from [108] 

 Despite the huge scientific progression in breast cancer investigation, much is still 

needed to better understand this heterogeneous disease, but it is generally thought this 

malignancy is involved in a complex interaction of endogenous and factors by affecting 

multiple genetic changes in cells. 

 

2.3.2 Breast cancer and circadian clock 
 

 Breast tissue consists of a network of branched epithelial ducts surrounded by a 

basement membrane, which is almost covered with fibroblast-rich and adipose-rich 

stromal extracellular matrix [109]. Clock expression have been discovered within breast 

epithelium mice [110]. Particularly, mutations of specific circadian genes disrupt 

behavioral and molecular rhythms in mice [111], [112]. Additionally, such mutations also 

reveal that cellular clocks participates in the carcinogenesis development. Altered 

functioning of clock-controlled circadian genes has been found to be involved in the 

process of carcinogenesis [113]–[115]. 

4

 glandular tissue increases with age and is 
 maximal in the postmenopausal breast (Fig.  1.2 ) 
[ 1 ,  4 ,  5 ].

     Nipple - areola complex  – As described above, 
each lobe of the breast leads to a ductal struc-
ture that then widens to form a large lactifer-
ous duct (2–4 mm) that continues to form a 
sinus. The sinus is lined with stratifi ed squa-
mous epithelium. This sinus then narrows as it 
passes into the ampulla of the nipple 
(0.4–0.7 mm).    

 The areola comprises a combination of seba-
ceous, sweat, and accessory glands that form the 
Montgomery tubercles. Smooth muscle fi bers are 
contained in the areola and extend into the nipple, 
and these fi bers are responsible for nipple erec-
tion. Erection is stimulated by the sensory nerve 
endings and Meissner’s corpuscles, which are 
located within the dermis of the nipple [ 1 ,  3 ].

    Deep fascia  – This layer is deep to the breast 
parenchyma and envelops the pectoralis 
major. It is continuous with the deep abdomi-
nal fascia caudally and spans from the 
 sternum to the axilla laterally and to the clav-
icle cranially [ 3 ].     

    Neurovascular Structures 

   Arterial 
 The arterial blood supply to the breast comes 
primarily from three sources: (1) anterior perfo-
rators of the internal mammary artery (respon-
sible for approximately 60 % of the breast, 
mostly medial and central); (2) branches from 
the axillary artery, such as the highest and lat-
eral thoracic, and the thoracoacromial artery 
(responsible for approximately 30 % of the 
breast, mostly the upper outer quadrant); and (3) 
lateral branches of the intercostal arteries 
(Fig.  1.3 ) [ 1 – 3 ].

Rib

Intercostal muscle

Pectoralis minor

Pectoralis major

Deep fascia

Skin

Stroma

Ducts/acini/lobules

Nipple areola
complex

Adipose tissue

Superficial fascia

  Fig. 1.2    Components of the 
breast       

 

K.P. McGuire



Chapter 2. Theoretical Framework   29 
 

29 
 

 

 In the past decades, there have been a some reports whose showed differences 

in expression of circadian genes in breast tumor cells as compared to normal cells [116], 

[117].  

 

2.3.3 Breast cancer and microRNAs 
 
 Research that is more recent has demonstrated the importance of miRNAs in 

breast cancer biology. Past decades, miRNAs have been extensively associated with 

breast cancer. The use of genome-wide approaches has enabled the production of 

miRNAs fingerprints in tumors and in its normal counterpart. As a result, miRNA 

expression patterns allow to discriminate with high accuracy, and the tissue of origin of 

poorly differentiated tumors to be identified [118]. Indeed, several miRNAs have been 

associated with different subtypes of breast cancer, such as luminal, HER2, basal-like 

and normal-like [119]. Particularly, ER+ and HER2 have been shown to be targeted and 

regulated by miRNAs, and in turn, the ER+ growth pathway has been shown to regulate 

some miRNAs [120]. Thus, pathological status of breast cancer is key factor in the 

regulation and behavior of miRNAs. 
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Chapter 3 

Materials and Methods  
 
3.1 Human cell cultures 

3.1.1 Human epithelial breast tumorigenic and non-tumorigenic cell lines  

 The biological complexity of breast cancer has been studied by multiple gene 

expression studies whose proposed a stratification of breast tumors in four subtypes, 

such as luminal A, luminal B, HER2 over-expressing and basal-like [121]–[124]. These 

molecular subtypes were largely studied in contrast with traditional classification of breast 

tumors [125], based on the status of estrogen receptor (ER), progesterone receptor (PR), 

and human epidermal growth factor receptor-like 2 (HER2/neu). Furthermore, this 

stratification was also studied in breast cell lines, which most researchers used to start 

novel hypotheses. This research has begun the determination of expression changes of 

miRNAs by entrained tumorigenic and non-tumorigenic breast cell lines. 

 

 Non-tumorigenic cell line, MCF-10A cells have not expression of ER, PR and 

HER2/neu markers like basal subtype, but has a fibrocystic origin and is considered a 

non-tumorigenic cell line [126]. There are tumorigenic cell lines, such as MCF-7 

(ER+ and/or, PR+ and HER2/neu−) and ZR-7530 (ER+ and/or, PR+ and HER2/neu), which 

are considered as luminal subtype due status of ER positive, as well as those cell lines 

have expression of markers of the luminal epithelial layer of normal breast ducts cells. In 

addition, HCC-1954 cells (ER−, PR−, HER2/neu+) are well known for overexpression of 

HER2/neu and adjacent genes on chromosome 17q12 [127], [128]. Finally, MDA-MB-231 

cells  (ER−, PR− and HER2/neu−) are characterized for negative expression of the three 

markers, which are consistent with basal-like tumors, TNBC and also associated with an 

unfavorable outcome [127], [128]. The features of the above-described cell lines used in 

this research work are summarized in Table 1.0.  
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Table 1. Characteristics of the human breast cell lines used in this study 

Cell line Phenotype Tumorigenic 
Age / 

Ethnicity 
Source Disease 

MCF-10A Normal No 36/C SM Fibrocystic disease 

MCF-7 Luminal A Yes 69/C PE Metastasic adenocarcinoma 

MDA-MB-231 Basal-like Yes 51/C PE Metastasic adenocarcinoma 

ZR-7530 Luminal B Yes 47/B MAF Ductal carcinoma 

HCC-1954 HER2/neu Yes 61/EI PT Ductal carcinoma grade III 

Abbreviations: C, Caucasian; B, Black; EI, East Indian; SM, Subcutaneous Mastectomy; PE, Pleural 

Effusion; MAF, Malignant Ascitic fluid; PT, Primary Tumor. 

 The human breast cell lines, MCF-10A (ATCC® CRL-10317™), MCF-7 

(ATCC® HTB-22™) and HCC-1954 (ATCC® CRL-2338™) were purchased from the 

American Type Culture Collection (ATCC®, Rockville, MD, USA). Meanwhile, MDA-MB-

231 and ZR-75-30 cell lines were obtained from Dr. Nadia Jacobo Herrera from Instituto 

Nacional de Ciencias Médicas y Nutrición "Salvador Zubirán" in Mexico City. 

 

3.1.2 Cell culture procedures 
 

 Breast cell lines were maintained in culture flasks of 25-cm2 or 75-cm2 (Corning 

Inc., Corning, NY, USA), containing among 8-10mL and 20-25mL of culture medium, 

respectively. Cell lines were subcultured after every 48 to 72 hours by adding 0.25% [w/v] 

Trypsin/EDTA (Biowest, Mountain View, CA, USA), specifically, 1.0 mL for cultures in 

T25cm2 and 4.0 mL for cultures in T75cm2 flask. This enzymatic process, trypsinization 

made to dissociate adherent cells from the vessel in which cells are being cultured. 

Afterwards, the cells were collected from flasks and placed in tubes of 50mL for washing 

(3ml per T25-cm2 and 10ml per 75-cm2) with Gibco PBS buffer (Thermo Fisher Scientific, 

Grand Island, NY, USA) by centrifugation at 400xg for 5 minutes at room temperature. All 

subcultures were propagated in an incubator at 37°C under an atmosphere of 5.0% CO2 

and 95.0% air. The above procedures were performed to achieve near 100% confluence 

in cultured cells, which will be ready for serum synchronization (entrainment). Additionally, 
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mediums and solutions were warmed at 37°C in a water bath previously. All cultured cells 

were handled with aseptic techniques.  

 

 MCF-10A cells were grown in Mammary Epithelial Basal Medium® supplemented 

with SingleQuots® from the MEGM® BulletKit® (Lonza, Walkersville, MD, USA). The first 

medium changing occurred after 24h, while the complete medium was changed every 

three days.  

 

 ZR-75-30 and HCC-1954 cells were grown in Gibco® Roswell Park Memorial 

Institute (RPMI)-1640 medium (Thermo Fisher Scientific, Grand Island, NY, USA) 

supplemented with 10% and 15% heat-inactivated Gibco® Fetal Bovine Serum (FBS) 

(Thermo Fisher Scientific, Grand Island, NY, USA), respectively. Meanwhile, MCF-7 and 

MDA-MB-231 cells were grown in Gibco® Dulbecco’s Modified Eagle Medium, which 

features a nutrient mixture of D-MEM and F-12 (Thermo Fisher Scientific, Grand Island, 

NY, USA), supplemented with 10% heat-inactivated FBS. Each culture medium was 

supplemented with Gibco® Penicillin-Streptomycin antibiotics (Thermo Fisher Scientific, 

Grand Island, NY, USA).  

 

3.1.3 Serum shock synchronization (Entrainment) 
 

 In 1998, first evidence, Balsalobre et al., described the serum shock protocol [129]. 

However, current protocol of serum shock was modified according to Rossetti and 

collaborators in 2012 [130]. This protocol was strictly performed across all breast cell lines 

without modifications. Below is listed each procedure (see Figure 8): 

 

• Cultured-cells contained in 75-cm2 flasks were seeded and maintained in 6-well 

plates with basal medium plus 10% of bovine serum. 

• The basal medium is removed from 6-well plates, and then cells were washed 

twice with PBS buffer (Thermo Fisher Scientific, Grand Island, NY, USA) to remove 

residual growth factors. For MCF-10A, ZR-75-30, and HCC-1954, the basal 

medium was RPMI-1640, while for MCF-7 and MDA-MB- 231 was D-MEM/F-12. 
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• The above procedure was performed till achieving 500,000 cells approximately by 

each well (greater 95% of confluence), and then the entrainment procedure is 

properly ready to be performed. 

• Add free-serum basal medium on cultured-cells. 

• Leave cultured-cells starving overnight (12-16h).  

• After starving, the basal medium was removed and discarded from cultured-cells, 

and then were serum shocked with growth basal medium supplemented with 50% 

horse serum (Biowest, Mountain View, CA, USA) and incubated for 2 hours at 

37°C, 5% CO2. 

• After serum shocked, horse serum was removed and cultured-cells were washed 

with PBS and new free-serum basal medium was poured into each well. The 6-

well plates were placed back into incubator at 37°C, 5% CO2. 

• The first time point was taken at the moment of serum shock (t = 0), while the rest 

of cells were harvested every 4 hours till a period of 48 hours, completing 13 time-

points.  

• Each time-sample was collected separately by duplicate for mRNA expression 

(except, triplicate from MCF-7), while by triplicate (two wells from 6-well plate were 

merged to build one replicate) for miRNA expression. 

• The collected samples for mRNA expression were homogenized directly in the 

plate using TRI Reagent® solution (see Section 3.3.1 for further details).  

• The collected samples for miRNA expression were first processed by 

cytoplasmic/nuclear fractionation protocol (see Section 3.2.1 for further details).  
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Figure 8. Establishment of cell culture to entrainment of cell lines. The entrainment initiates when 
cultured cells have a confluence greater of 90%. Thus, the batch is split on 2 batches for mRNA and 
miRNA expression. Particularly, miRNA expression required thirteen 6-well plates (triplicates, each 
one consist of 2 wells) for covering 48h period. The mRNA expression required five 6-well plates 
(duplicates) for covering 48h period. Except miRNA expression in MCF-7 was done by triplicate. 

 
3.2 Cellular assays  

3.2.1 Cytoplasmic/nuclear fractionation for use in miRNA expression 
  

 The isolation of cytoplasmic and nuclear fractions were done in order to evaluate 

the level expression of miRNAs separately, because there is evidence that miRNAs might 

have different expression patterns between cell compartments [131]–[134].  

 

 The Nuclear/Cytosol Extraction kit (BioVision, Mountain View, CA, USA) was used 

for cell fractionation, separation of nuclear fraction from the cytoplasmic fraction of 

mammalian cells according to manufacturer´s instructions. The protocol started 

with collection of cultured cells (described previously) where cells were pelleted and 

washed twice with 10 mL PBS, followed by centrifugation for 5 min at 600 x g at 4°C. Next 

procedure consists properly the isolation of cytoplasmic fraction, cells were resuspended 

in 200μL cytosol extraction buffer A (CEB-A) containing 1x protease inhibitor cocktail and 

1mM dithiothreitol (DTT), vortexed for 15 seconds and incubated on ice for 10 min. Next, 

add 11 μL of cytosol extraction buffer B (CEB-B) to the cells followed of vortexing and 

incubation on ice for 1 min. Next, cells were vortexed quickly before being centrifuged at 
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16,000 x g for 5 minutes in a 4˚C microcentrifuge. Finally, the supernatant (cytoplasmic 

fraction) was removed and place onto sterile tube and stored at -80°C. 

 

 The next procedure consists of properly isolate the nuclear fraction. The pellet 

(nuclear fraction) was resuspended in 100 µL of ice-cold Nuclear Extraction Buffer Mix, 

vortexed on highest setting for 15 sec and returned the tubes to ice. Repeat this previous 

step for every 10 min for a total 40 min. Next, the tubes were centrifuged for 10 min at 

16,000 x g, immediately transfer the supernatant (nuclear fraction) to sterile 1 mL tubes 

and place them on ice. The fractions were stored at -80°C till further processing.  

 

3.3 Molecular assays  

3.3.1 Total RNA purification for mRNA expression 
 

 Total RNA was isolated by using TRI Reagent® (Sigma-Aldrich, St. Louis, MO, 

USA) following the manufacturer’s instructions. Trizol reagent is the most well-known 

phenol/chloroform-based method for isolating ordinary RNA and small RNAs [135].  

 

 The cultured-cells were homogenized directly in each 6-well plate, after removing 

culture medium, in 1mL of TRI Reagent®, a monophasic solution containing phenol and 

guanidine thiocyanate, which rapidly lyses cells and inactivates nucleases. Homogenates 

were placed in tubes of 1.5mL and incubated for 5 minutes at room temperature to allow 

nucleoprotein complexes to completely dissociate. Finally, tubes contained homogenates 

were stored at –70°C for further isolation.  

 

 Once all samples were collected through 48 hours, then tubes were incubated for 

10 minutes at room temperature, then tubes were centrifuged at 13,000xg for 5 minutes 

at 4°C in order to remove insoluble material from homogenates. Afterwards, 100μL of 1-

bromo-6-chloropropane (BCP; Sigma-Aldrich, St. Louis, MO, USA) was added to the 

tubes, then they were immediately mixed by vortexing at maximum speed for 15 seconds, 

incubated for 5 minutes at room temperature, and centrifuged at 13,000xg for 5 minutes 

at 4°C in order to separate the mixture into 3 phases for further RNA isolation. 
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 The above steps allowed having 3 phases, an organic phase (phenol-BCP phase) 

placed on the bottom of tube, an interphase, and upper aqueous phase. The aqueous 

phase contains the RNA material, while DNA and proteins are immerse in interphase and 

organic phases. Thus, 400μL of the upper phase was taken off from tubes and placed in 

new 1.5mL tubes, then they were washed with 500μL of 75% molecular biology grade 

ethanol (Sigma-Aldrich, St. Louis, MO, USA) and centrifuged for 5 minute at 13,000xg at 

room temperature, by three times in order to efficiently remove away all contaminants. 

 

 After washes, the RNA was concentrated in the bottom of the tube in an aqueous 

pellet, then pellets were dried by leaving tubes with caps open on incubator at 43ºC. Next, 

pellets were resuspended in 50 uL prewarmed nuclease-free water. Finally, RNA samples 

were stored at –70°C till further process. 

 

3.3.2 Total RNA isolation for miRNA expression 
 

 Total RNA, including small RNA enrichment was isolated by using MIRVANA 

miRNA Ambion® Kit (Thermo Fisher Scientific, NY, USA) based manufacturer’s 

instructions [136]. The nuclear and cytoplasmic fractions are 2 types of samples, which 

were performed simultaneously with the same protocol for small RNA enrichment 

isolation.   

 

 The 100 uL of fractions were placed in 1.5 mL tubes and homogenized in 500 uL 

of Lysis/Binding Solution to prepare the mixture for enrichment process. Next, 60 uL of 

miRNA Homogenate Additive were added to homogenates and incubate them for 10 min 

on ice. Next, 600 uL of Acid-Phenol:Chloroform were added and immediately vortexed 

for 1 min, then centrifuged at 10,000xg for 5 min at room temperature to separate the 

aqueous and organic phases. Finally, recover the aqueous upper phase and transfer it to 

a 1,5 mL new tube for further small RNA enrichment isolation.  
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 Add 1.25 volumes of 100% ethanol at room temperature to the aqueous phase 

previously collected. Next, place mixture up to 700 μL onto the filter cartridge. For 

samples larger than this, apply the mixture in successive applications to the same filter 

cartridge and centrifuge for 15 seconds at 10,000 x g to pass the mixture through the filter 

cartridge. Then, discard the flow-through, and repeat till all the mixture is through the filter 

cartridge. Next, wash the filter cartridge with 700 μL miRNA Wash Solution 1, then wash 

the Filter Cartridge twice with 500 μL Wash Solution 2/3, and elute small RNA enrichment 

with 100 μL 95°C nuclease-free water. Finally, RNA samples obtained from cytoplasm 

(cyRNA) and nuclear (nuRNA) fractions were stored at –70°C till further processing. 

 

3.3.3 RNA precipitation for every RNA sample 

 
 The RNA precipitation is a procedure to concentrate and desalt RNA samples with 

higher concentration of salts or any other contaminants [137]. After precipitation, 

recovered RNA samples were suitable for using in downstream applications, including 

cDNA synthesis, real-time PCR, and microarrays. The procedure based on ethanol 

precipitation was identically applied to RNA samples from cultured-cells (3.3.1) and 

cellular fractions (3.3.2).  

 

 All RNA samples were thawed on ice. RNA samples were combined with 3M 

sodium acetate at pH 5.2 (Sigma-Aldrich, St. Louis, MO, USA) in a proportion 1:10 and 

2.5 volumes of ice-cold 100% molecular biology grade ethanol (Sigma-Aldrich, St. Louis, 

MO, USA), then the mixture was mixed by moderate vortexing. Next, the mixture was 

incubated for 30 minutes at -70°C and centrifuged for 30 minutes at 13,500 × g at 4ºC. 

The supernatant was carefully aspirated to avoid losing the RNA pellet. Next,   

 

 The pellet was washed with 1mL of 70% ethanol ice-cold centrifuged for 5 minutes 

at 15,000 × g at 4ºC, and the supernatant was removed. This washing process was 

repeated 3 times. Next, after washes, the RNA was concentrated in the bottom of the 

tube in an pellet, then pellets were dried by leaving tubes with caps open on incubator at 
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65ºC. Next, pellets were resuspended in 50 uL prewarmed nuclease-free water. Finally, 

RNA samples were stored at –70°C till further process.  

 

3.3.4 Total RNA quantification 
 

3.3.4.1 Quantification for mRNA expression 

 

 Total purified RNA samples were quantified individually using the Take3 Micro-

Volume plate (BioTek Instruments Inc., Winooski, VT, USA) and SynergyTM HT Multi-

Mode Microplate Reader (BioTek Instruments Inc., Winooski, VT, USA) by measuring its 

absorbance at 260nm (A260). Take3 Micro-Volume plate allowed the quantification of up 

to sixteen samples with a nominal pathlength of 0.5mm for microvolume analysis. The 

procedure started dispensing 2 µL of each sample onto the Take3 Micro-Volume plate to 

measure the absorbance and calculate the ratios. The spectrophotometer was blanked 

with nuclease-free molecular water.  

 

 Measuring ratios of absorbance at 260 and 230 or 280nm allowed assessing the 

purity of RNA samples. The total RNA isolated has an A260/A280 ratio of 1.8–2.1 and an 

A260/A230 ratio of 1.7-2.2. 

 

3.3.4.2 Quantification for miRNA expression 

  

 The cyRNA and nuRNA samples were quantified individually using the NanoDrop 

equipment (Thermo Scientific, NY, USA), because NanoDrop spectrophotometer is well-

known to display low level of variation between measurements [138]. Prior to 

measurement, the NanoDrop was blanked with 2 µL of the same nuclease-free water that 

RNA was eluted in previously. The procedure started dispensing 1 µL of each sample 

onto the pedestal and absorbance measured. The NanoDrop software calculates total 

RNA concentration value based on the absorbance values obtained. Each sample was 

quantified by twice and averaged for further procedures. 
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 Measuring ratios of absorbance at 260 and 230 or 280nm allowed assessing the 

purity of RNA samples. The isolated RNA samples should be fit on following ranges 

A260/A280 ratio of 1.8 – 2.1 and an A260/A230 ratio of 1.7 - 2.2. 

 

3.3.5 Assessment of RNA integrity 
 
 Integrity of RNA is a very critical key in downstream RNA based quantitative 

analysis, because low-quality RNA can compromise the results of such experiments [139]. 

The integrity of cyRNA and nuRNA samples was assessed by Experion automated 

electrophoresis system (Bio-Rad Laboratories, Hercules, CA, USA). The Experion 

system included automated electrophoresis station, priming station, vortex station for 

RNA analysis, and ExperionTM RNA HighSens Analysis kit, which included chips and 
reagents for assessment of RNA. The procedures were performed according to the 

manufacturer’s instructions. 

 

 Initially, limiting any contamination during RNA integrity analysis, electrodes of the 

Experion system were cleaned by 800 uL of Experion electrode cleaner (Bio-

Rad Laboratories, Hercules, CA, USA), twice. Thus, electrodes were rinsed with 500 uL 

of DEPC treated water (Bio-Rad Laboratories, Hercules, CA, USA) for 5 minutes using 

electrode cleaning chip. At the end lid was kept open for 60 second to evaporate 

remaining water contained on electrodes. In parallel, RNA stain, RNA loading buffer and 

RNA gel from ExperionTM RNA HighSens Analysis kit were placed outside to achieve 

room temperature for 20 minutes. Also, RNA stain was wrapped in aluminum foil to avoid 

its light sensitive degradation. RNA gel was filtered from filter tube at 2000 RPM for 10 

minutes. Next, 65 uL of filtered gel was mixed with 1 uL RNA stain in an RNase-free tube 

and kept solution protected from light. Meanwhile, RNA ladder was removed from -20 ̊ C 

and thawed it on ice for 10 minutes. Next, 1 uL of RNA ladder and 3uL of cyRNA and 

nuRNA samples were taken into RNase-free tubes. RNA ladder and RNA samples were 

denatured at 70 ̊ C for 2 minutes. Ladder and samples were immediately placed on ice 

for 5 minutes, spun down for 2-5 seconds and stored on ice until needed. Next, 9uL of 

the gel-stain solution was taken in well labeled as GS on RNA HighSens chip without 
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forming any air bubble. Chip was primed by setting appropriate pressure for sufficient 

time on priming station. Chip was inspected for any air bubbles in micro channels and for 

incomplete priming. Next, another 9 uL of gel-stain solution was taken into other well 

labeled by GS. Next, 9uL of filtered gel was taken to well labeled as G. Then, 5 uL of 

Loading buffer was taken to each sample well 1-12 including ladder well where 1 uL RNA 

ladder was taken to the well labeled as L as well RNA samples were taken to all wells 

numbered as 1-12. Chip was placed tightly and vortexed for 60 seconds on vortex station. 

Primed chip loaded with RNA samples and ladder was then kept on electrophoresis 

station for 5 minutes and electrophoresis run was started. After completion of the run, 

electrodes were cleaned with 800 uL DEPC water filled in a cleaning chip. 

Electropherograms were analyzed by Experion software version 3.2 

 

 The RNA integrity analysis was determined from a ratio metric calculation from 

integrals of the 18s rRNA and 28s rRNA peak areas on the generated electropherogram. 

Peak identification was determined by using internal reference ladder provided with the 

kit allowed for accurate peak alignment and identification. This calculation returned a 

number between 0 and 10, deemed the RNA quality indicator (RQI). The threshold for 

appropriate quality RNA was set at RQI > 7 [140].  

 
3.3.6 Primer design for expression assays  

3.3.6.1 Primer design for mRNA expression 

 
 Primers for gene expression were selected based on rhythmic expression clock 

genes already validated [141]. All the primers and probes used were designed using 

Primer3 (available at http://primer3.wi.mit.edu/) [142] with the following specifications:  

§ Optimal primer length – 20 bases  

§ Probe length – 18 to 25 bases.   

§ Product size – 100 to 150 bases for optimum PCR efficiency.   

§ Tm – 58°C to 60°C (Optimal Tm – 59°C).   

§ Probe Tm – 68°C to 70°C.  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§ % GC – 30% to 80%.   

§ 3’ end – last five nucleotides contain no more than two G + C residues.   

§ Probe 5’ end without G residue.   

§ Product should span an intron to prevent amplification of genomic DNA.   

 

 The primer pairs did not form any significant secondary structure, such as hairpins, 

homodimers and heterodimers. In addition, the primer sequences were tested virtually at 

the NCBI-BLAST tool (available at http://www.ncbi.nlm.nih.gov/tools/primer-blast/) to 

check that the primers correspond specifically to the selected targets and to verify the 

expected product size [143]. All primers were synthetized by Alpha DNA (Montreal, QC, 

Canada) 

  
Table 2. List of primers for BMAL1, PER2, SERPINB1 and GAPDH genes 

Gene Primer Sequence (5′→3′) NCBI RefSeq 

BMAL1 
Forward CATTGTGCACAGAAGCATCA 

NM_001178.4 
Reverse ACAAGGAAGAATAAACGGCTTT 

PER2 
Forward TGCCAAAATCTTACTCTGCTG 

NM_022817.2 
Reverse GGCATCACGTAAACAAATTCA 

SERPINB1 
Forward AGGTTCATTCAAGATTCCAGAGT 

NM_030666.3 70 
Reverse AGTTTCAGAATATAAGACGCTCCA 

GAPDH 
Forward AGCCACATCGCTCAGACAC 

NM_002046.4 
Reverse TGGCAACAATATCCACTTTACCAGA 

 

 
3.3.6.2 Primer design for miRNA expression 

 

In order to identify miRNAs, the stem-loop primers method is a novel strategy in miRNA 

research in diverse species [144], [145]. Particularly, stem-loop sequences are designed 

as a hairpin and possesses a 3′ overhang complementary to the miRNA. Also, miRNA-

specific forward primers with a 5′ adapter are designed based on miRNA sequences, 

which were used from mature accession [93], while reverse primers were universal 
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primers, due these primers works along stem-loop and forward primers, thus, these 

features allow a high specificity and increased flexibility in the design of primers [146]. All 

primers were synthetized by Alpha DNA (Montreal, QC, Canada).  
 

Table 3. List of primers for miRNA validation. 

miRNA Primer Sequence (5′→3′) 
Mature 

Accession 
Number 

hsa-miR-141-5p Stem-loop 
GTC GTA TCC AGT GCA GGG 
TCC GAG GTA TTC GCA CTG 

GAT ACG AC TCCAAC MIMAT0004598 

Forward CAC GCA CAT CTT CCA GTA C 

hsa-miR-1225-5p Stem-loop 
GTC GTA TCC AGT GCA GGG 
TCC GAG GTA TTC GCA CTG 

GAT ACG AC CCCCCC MIMAT0005572 

Forward CAACAGTGGGTACGGCCCA 

hsa-miR-17-5p Stem-loop 
GTC GTA TCC AGT GCA GGG 
TCC GAG GTA TTC GCA CTG 

GAT ACG AC CTACCT MIMAT0000070 

Forward CAC GCA CAA AGT GCT TAC A 

hsa-miR-769-3p Stem-loop 
GTC GTA TCC AGT GCA GGG 
TCC GAG GTA TTC GCA CTG 

GAT ACG AC AACCAA MIMAT0003887 

Forward CAA CAC TGG GAT CTC CGG 

hsa-miR-222-5p Stem-loop 
GTC GTA TCC AGT GCA GGG 
TCC GAG GTA TTC GCA CTG 

GAT ACG AC AGGATC MIMAT0004569 

Forward CAG CAC TCA GTA GCC AGT 

hsa-miR-548ay-
3p 

Stem-loop 
GTC GTA TCC AGT GCA GGG 
TCC GAG GTA TTC GCA CTG 

GAT ACG AC TGCAAG MIMAT0025453 

Forward CAG CAC AAA ACC GCG AT 

hsa-miR-106a-5p 

Stem-loop 
GTC GTA TCC AGT GCA GGG 
TCC GAG GTA TTC GCA CTG 

GAT ACG AC GCTACC 
MIMAT0000103 

Forward CAC GCA 
AAAAGTGCTTACAGT 

Universal TCG TA TCC AGT GCA GGG T 
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3.3.7 Synthesis of complementary DNA (cDNA)  
 

3.3.7.1 cDNA for mRNA expression 

 

 The total RNA samples were reverse transcribed to cDNA using AffinityScript 

Multi-Temperature cDNA synthesis kit (Agilent Technologies, CA, USA) based on 

manufacturer ‘s instructions.  

  

 Firstly, RNA samples and reagents provided in the kit were thawed on ice. Protocol 

started by preparing cDNA synthesis reaction, which contains 500 ng of total RNA, 3 uL 

of random primers (0.1 ug/ml) and enough RNase-free water to total volume 15.7 uL. 

Next, the mixture is incubated at 65°C for 5 minutes and placed at room temperature for 

10 min to allow the primers to anneal to the RNA. Next, the mixture was combined with 

2.0 uL of 10X AffinityScript RT Buffer, 0.8 uL of dNTP mix (25 mM each dNTP), 0.5 uL of 

RNase Block Ribonuclease Inhibitor (40 U/ul), and 1 uL of AffinityScript Multiple 

Temperature RT. Finally, the mixture was centrifuged for 5 sec at lower settings and 

placed onto the Px2 Thermal Cycler (Thermo Electron Corporation) to incubate at 25°C 

for 10 minutes, 42°C for 60 minute and 70ºC for 15 minutes. The synthetized cDNA was 

used immediately for qPCR, or stored at – 20°C.  

 

3.3.7.2 cDNA for miRNA expression 

 

 The reverse transcription of cyRNA samples (separately in triplicate) was 

conducted using miRNA-specific stem-loop RT primers (see Table 4), which featured a 

3′ overhang of 6 or 7 nucleotides complementary to the 3′ portion of the associated mature 

miRNA sequence [147]. We mix a pool of seven stem-loop RT primers that included one 

endogenous control at 10 nM, allowing simultaneously reverse transcriptions in one tube 

[148]. Thus, reverse transcriptase reactions contained 200 ng of cyRNA, stem-loop RT 

primer pool, and reagents from a TaqMan MicroRNA Reverse Transcription Kit (Thermo 

Fisher Scientific, Grand Island, NY, USA) based the manufacturer’s instructions. A 

negative control (no template) was included in all reactions. 
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 First, the RT Reaction Mix is prepared by mixing 0.15 μL of 100mM dNTPs (with 

dTTP), 1.00 μL of MultiScribeTM Reverse Transcriptase (50 U/μL), 1.50 μL of 10✕ 

Reverse Transcription Buffer, 0.19 μL of RNase Inhibitor (20 U/μL), and 4.16 μL of 

nuclease-free water, which has a total volume of 7.00 μL. Next, mix 5uL of cyRNA, 3 uL 

of stem-loop RT primer pool and 7 uL of RT Reaction Mix. Finally, place the reaction 

tubes onto Px2 Thermal Cycler (Thermo Electron Corporation) and incubate using 

following settings: 

 
Table 4. Cycling parameters for miRNA reverse transcription 

Step Temperature Time 

Primer extension 16ºC 30 min 

Reverse transcription 42ªC 30 min 

Stop reaction 85ªC 5 min 

Hold 4ªC Hold 

 

3.3.8 Pre-amplification of cDNA for miRNA expression 
 
 Higher concentrations of total RNA are needed for hybridization techniques such 

as microarrays, RT-qPCR, sequencing, etc. Specifically, PCR-based techniques are able 

to detect low amount of individual miRNAs with high sensitivity and specificity on mature 

form of miRNAs [147]. The stem-loop RT-PCR can profile miRNA expression with few 

nanograms of total RNA or even single cells [147], [149], [150]. The use of cDNA pre-

amplification increased the sensitivity of miRNA detection [151]. The protocol of pre-

amplification was performed based [152], [153]. 

 

 First, pre-amplification reactions were performed based on two miRNA primer 

pools (see Table 5). Both pools included miR-106a-5p as an endogenous control. For 

each reaction, 3 μL of cDNA (previously explained), 100 nM of the miRNA primer pool 

(forward primers), 12.5 µL of 2× Universal Master Mix with no UNG (Thermo Fisher 

Scientific, Grand Island, NY, USA), 1 uM of universal reverse primer, 1 µL of 5 U/µL 
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AmpliTaq Gold (Promega Corp, Madison, WI, USA), 0.5 µL of 100 mM dNTPs (Promega 

Corp, Madison, WI, USA), 0.5 µL of 100 mM MgCl2 (Promega Corp, Madison, WI, USA), 

and molecular grade water were used to achieve a final volume of 25 µL. Regarding the 

temperature profile of the reaction, incubation at 95 °C for 10 m, was followed by 

incubation at 55 °C for 2 m and 14 cycles of 95 °C for 1 s and 65 °C for 1 m. A negative 

pre-amplified control (no-cDNA) was included. Next, both pre-amplified cDNAs were 

diluted 10 times using molecular grade water and stored at −20 °C before further 

processing. 
Table 5. Pools for pre-amplification of cDNA  

Type Pool-1 Pool-2 

Testing miRNA  miR-1225-5p miR-141-5p 

Testing miRNA  miR-548ay-3p  miR-222-5p 

Testing miRNA  miR-769-3p miR-17-5p 

Endogenous control miR-106a-5p  miR-106a-5p  

 

3.3.9 Quantitative real-time polymerase chain reaction (qPCR) 
 

3.3.9.1 Assessment of qPCR assay  

  

 The qPCR efficiency is mainly affected by the performance of primers, due primers 

might produce large length of amplicons and secondary structures such as primer dimers. 

That´s why standard curve is generated to determine the efficiency, sensitivity, and 

reproducibility of the qPCR assay [154].  

 

 Once primers were designed and obtained, then they were resuspended in 

molecular grade water (1000 nM) and stored in aliquots at -20ºC. The concentration of 

primers (forward and reverse) for all qPCR assays was 200 nM. Next, the efficiency of 

each primer set was assessed by standard curves using the SYBR®Green dye.  

 

 The standard curve was carried out by 5 serial dilutions of a cDNA with known 

concentration. Each dilution was run by triplicate, plus triplicate non-template controls 
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(NTC). After performed qPCRs, the CT values were plotted on a semi-log10 plot. 

Amplification efficiency, E, is calculated from the slope of the straight line fitting of the 

data using the following formula: 

 

                                                                                                          (1) 

  

 The amount of PCR product is 2-fold increase in the number of copies with each 

cycle [155]. This corresponds to a reaction efficiency of 2. Using an E = 2 in the equation 

above indicates that the optimal slope of the standard curve will be –3.32. Primer sets 

with standard curve slope values ranging from -3.0 to -3.9 were accepted. Amplification 

efficiency is also frequently presented as a percentage: 

 

                                                                         (2)    

 

 The above formula allow to imply % Efficiency = (2 – 1) x 100% = 100%. An 

efficiency value close to 100% is the best indicator of a robust, reproducible assay. The 

target amplification efficiency of primers is always between 90–100%. Low reaction 

efficiencies may be caused by poor primer design or by suboptimal reaction conditions. 

Reaction efficiencies >100% may indicate pipetting error in serial dilutions or co- 

amplification of non-specific products, such as primer-dimers [155]. 

 

 Finally, qPCR product can be evaluated using melting curve performed after run 

qPCRs. The shape of a melting curve is a function of the product length, GC/AT ratio and 

sequence. Melting curve can therefore be used to confirm the correct product and indicate 

the presence of multiple products, primer-dimers, and possible contamination.  

 

 

 

3.3.9.2 Quantitative RT-qPCR for mRNA Expression 
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 The qPCR reactions were carried out using the Applied Biosystems® StepOne™ 

Real-Time PCR System (Thermo Fisher Scientific, Grand Island, NY, USA). Each 

reaction was carried out in a reaction volume of 12μL loaded onto a MicroAmp® Fast 8-

Tube strip with MicroAmp® Optical caps (Thermo Fisher Scientific, Grand Island, NY, 

USA). The reaction involved 20 ng of cDNA, 200 nM of forward and reverse primers for 

circadian clock genes, BMAL1, and PER2, and one rhythmic gene for MCF-7, SERPINB1, 

which we described in a previous study [141], 1X Brilliant II Fast SYBR® Green qPCR 

Master Mix (Agilent Technologies, Santa Clara, CA, USA), 300 nM passive reference dye, 

and molecular grade water to reach a final volume of 12 µL. The Brilliant qPCR master 

mixes contain enough Taq DNA polymerase, dNTPs, Mg2+, and its buffer is specially 

formulated for fast cycling. A NTC was also set up on each primer set to check for 

contamination.  

 

  The initial activation step was carried at 95 °C for 3 m, then a cycling program was 

begun, which involved denaturing at 95 °C for 6 s and annealing/extension at 60 °C for 

12 s, and a melting curve analysis was performed to ensure the efficiency of the reaction.  

 

3.3.9.3 Quantitative RT-qPCR for miRNA Expression 

 

 The qPCR reactions were carried out using the Applied Biosystems® StepOne™ 

Real-Time PCR System (Thermo Fisher Scientific, Grand Island, NY, USA). Seven 

miRNAs were profiled using 1X Brilliant II Fast SYBR® Green qPCR Master Mix (Agilent 

Technologies, Santa Clara, CA, USA). The reaction consisted of 1 µL of pre-amplified 

cDNA, 150 nM of forward and reverse primers (Table 3), 300 nM of passive reference 

dye, and molecular grade water to achieve a final volume of 12 µL. The following three-

step cycling program was used: 95 °C for 3 min and 40 cycles of 95 °C for 6 s, 55 °C for 

12 s, and 70 °C for 10 s. Melting curves were performed to ensure an efficient reaction. . 

A NTC was also set up on each primer set to check for contamination.  

3.3.10 Data analysis 
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3.3.10.1 Data analysis of mRNA Expression 

 

 A preliminary data analysis was performed with Applied Biosystems® StepOneTM 

Software (Thermo Fisher Scientific, Grand Island, NY, USA). Next, CT values for each 

target gene’s transcript were exported to Microsoft Excel. The relative expression in real-

time PCR was calculated by Pfaffl equation [156]. The relative expression ratio (fold 

expression) of a target gene is calculated based on its efficiency (E) and the CT deviation 

of each time point versus the t = 0 (control), and expressed in comparison to a reference 

gene:  

 

                                                                       (3)                              

  
 Equation 3 shows the ratio (R) of a target gene expressed in a sample versus a 

control in comparison to a reference gene. Etarget is the real-time PCR efficiency of target 

gene transcript; Eref is the real-time PCR efficiency of a reference gene transcript; 

ΔCPtarget is the CT deviation of control – sample of the target gene transcript; ΔCPref = CP 

deviation of control – sample of reference gene transcript. The reference gene could be 

a stable and secure unregulated transcript, e.g. a housekeeping gene transcript. For the 

calculation of R, the individual real-time PCR efficiencies, and the CD deviation (ΔCP) of 

the investigated transcripts must be known. Real-time PCR efficiencies were calculated, 

according to E = 10[–1/slope][157]. 

  

 The fold change of each biological replicate was calculated separately, then it was 

averaged, and a standard derivation was calculated for each time point. The relative 

expression results for each target gene were plotted versus the time in 4-h intervals. 

3.3.10.2 Data analysis of miRNA Expression 

 A preliminary data analysis was performed with Applied Biosystems® StepOneTM 

Software (Thermo Fisher Scientific, Grand Island, NY, USA). Next, CT values for each 
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miRNA expression assay were exported to Microsoft Excel. The relative expression in 

real-time PCR was calculated by Pfaffl equation [156]. The relative expression ratio (fold 

expression) of a miRNA is calculated based on its efficiency (E) and the CT deviation of 

each time point versus the t = 0 (control), and expressed in comparison to a reference 

gene, similar as Equation 1. 

 Equation 3 shows the ratio (R) of a target miRNA expressed in a sample versus a 

control in comparison to a reference miRNA. Etarget is the real-time PCR efficiency of 

target miRNA transcript; Eref is the real-time PCR efficiency of a reference miRNA 

transcript; ΔCPtarget is the CT deviation of control – sample of the target miRNA transcript; 

ΔCPref = CP deviation of control – sample of reference miRNA transcript. The reference 

miRNA was miR-106a-5p because it keeps a stable expression [158]. For the calculation 

of R, the individual real-time PCR efficiencies, and the CD deviation (ΔCP) of the 

investigated transcripts must be known. Real-time PCR efficiencies were calculated, 

according to E = 10[–1/slope][157]. 

 The level of expression of each biological replicate was calculated separately and 

averaged, and the SEM was calculated for each time point. The relative expression 

results of each miRNA were plotted over 48 h at 4 h intervals. 

3.3.11 DNA microarray assays 

3.3.11.1 DNA microarrays overview  

 DNA microarray technology allows measuring the expression levels of hundreds 

or thousands of targets in the same experiment. Specifically, for this research, technology 

of miRNA microarrays was used to identify human miRNAs. This technology contains 

miRNA probes (oligonucleotide sequences), which hybridize to target miRNAs. Probes 

are anchored to the glass slide surface by modified 5' end. Moreover, each probe contains 

5' hairpin to increase target and size miRNA specificity. The miRNAs are fluorescently 

labeled and subsequently hybridized with sequence specific probes on the glass slide 

surface. Probes are anchored in the predetermined positions allowing analysis of the 

fluorescence signal and so determination of the presence and relative amounts of 
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miRNAs [159].  

3.3.11.1 Microarray assays for miRNA expression - Workflow   

 Expression of miRNAs was temporally profiled using a Human miRNA Microarray 

8 × 60 K Kit (Agilent Technologies, Santa Clara, CA, USA) which contained 2006 human 

miRNAs, based on miRBase Release 19.0 (http://www.mirbase.org/). In total, 100 ng of 

cyRNA and nuRNA samples (period within 12–40 h from 48 h study) were used for 

hybridization with miRNA complete labeling and the Hyb Kit (Agilent Technologies, Santa 

Clara, CA, USA). This period of 28 h belongs to the beginning of gene-sustained 

oscillations in living cells upon serum shock [129], [160]. Thus, we used two slides (eight 

arrays per slide). First slide was hybridized with cyRNA and nuRNA samples from MCF-

10A cell lines and labeled with Cy3 and pCp (Cytidine-5′-phosphate-3′-(6-

aminohexyl)phosphate)-Cy5 (277 µM) fluorochromes, respectively, according to [159]. 

Second slide was hybridized with cyRNA samples from MCF-7 and MDA-MB-231 and 

labeled with Cy3 and pCp (Cytidine-5′-phosphate-3′-(6-aminohexyl)phosphate)-Cy5 (277 

µM) fluorochromes, respectively, according to [159]. Thus, microarray-processing 

workflow consisted of the following steps:  

a. Sample preparation and labeling 

b. Hybridization  

c. Microarray wash  

d. Scanning and Feature Extraction  

3.3.11.2 Microarray assays for miRNA expression – Sample preparation and labeling   

 This step aimed to create fluorescently- labeled miRNA. The method involved the 

ligation of Cyanine 3-pCp and Cytidine 5-pCp to the 3' end of a RNA molecule. Below are 

displayed step-by-step procedures: 

• Total RNA sample was diluted to 50 ng/μL in molecular grade water.  

• 2 μL (100 ng) of the diluted total RNA was placed into 1.5 ml tubes and kept on 

ice. 
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• Prepare Calf Intestinal Alkaline Phosphatase (CIP) Master Mix. 

• Dephosphorylation of the samples was performed using 2 μL of CIP Master mix 

added to 2 μL of each sample (100 ng), and then the total volume of 

dephosporylation reaction was 4 μL. 

• Samples were incubated 30 min in thermal cycler at 37°C. 

• Denaturation step was performed adding 2,8 μL of 100% DMSO to  each sample. 

• Samples were incubated at 100 °C in thermal cycler for 5 min.  

• Samples were immediately transferred to ice-water bath to prevent  the RNA from 

re-annealing. 

• Ligation Master Mix was prepared separately for each fluorochrome and placed on 

ice without light fro 15 min. Both fluorochromes are light sensitive. 

• 4.5 μL of the Ligation Master Mix was added to each sample tube for a total 

reaction volume of 11.3 μL. The reaction mix was mixed by pipetting and spinned 

gently. 

• Tubes were incubated at 16°C for 2 hour in thermal-cycler. 

• Samples were completely dried in vacuum concentrator (Thermo Fisher Scientific, 

Grand Island, NY, USA) at 50 °C for 55 min. Complete drying was important, 

because residual DMSO will adversely affect the hybridization results. 

3.3.11.3 Microarray assays for miRNA expression – Hybridization 

 The microarray hybridization is one of key factors for targeting the labeled-

molecule, miRNAs for this research. Below are displayed step-by-step procedures: 

• Dried, labeled miRNA samples were resuspended in 18 μL of nuclease-free water. 

• Hybridization mix for each sample was prepared by mixing 18 uL of sample, 4.5 

uL of 10× Gene Expression Blocking Agent and 22.5 uL of 2× Hi-RPM 

Hybridization Buffer. 

• Hybridization mixtures were vortexed gently and denatured at 100 °C for 5 min.  

• Mixtures were immediately transferred to an ice water bath for 5 min and 

subsequently spinned. 
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• Slowly dispense all of the volume of hybridization sample onto the gasket well in a 

“drag and dispense” manner.  

• Grip the slide on either end and slowly put the slide down.  

• Assembled slide chambers were placed in rotisserie in  a hybridization oven at 

55°C. Hybridization rotator was set up at 20 RPM. 

• Samples were hybridized at 55 °C for 20 hours.   

3.3.11.4 Microarray assays for miRNA expression - Microarray wash 

 The microarray slides were washed according to the Agilent MiRNA Microarray 

System manual. GE Wash Buffer 1 and GE Wash Buffer 2 were used for this procedure 

according to manufacturer´s instructions.  

3.3.11.5 Microarray assays for miRNA expression - Scanning and Feature Extraction  

 Microarray slides were scanned by GenePix® 4000B Microarray Scanner 

(Molecular Devices, Downingtown, PA, USA) with GenePix® Pro 6.0.1.25 Acquisition and 

Analysis Software (Molecular Devices, Downingtown, PA, USA). The GenePix® results 

(GPR) files were imported into the software R, version 2.12.2 (http://www.R-project.org) 

for further feature extraction.  

 The first process is to correct the overall measure of the intensity of the spots by 

background subtraction, for this procedure was used backgroundCorrect function of 

Linear Models for Microarray Data package (Limma, version 

3.20.5, https://bioconductor.org/packages/limma/) [161], [162]. For two colors microarray 

data, normalization is usually applied to the log-ratios of the G channel signal and R 

channel signal, which are defined as M and A:     

                                                                                                        (4)   

                                                                                                   (5) 

 The data contained an average of 30 replicates per probe sequence, with a total 

of 60,000 unique features and controls. Thus, data were normalized between arrays by 
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quantile normalization and log10 transformed, and the median was applied to the 

replicated probes [163]. The miRNA expression data contains one to four different probes 

associated with each miRNA, which were considered individually for further analysis.  

3.3.12 Rhythmic expression analysis  

3.3.12.1 Rhythmic expression analysis for microarray data 

 The determination of miRNAs rhythmic expression patterns was identified within 

28 h period (containing since 12h – 40 h period from 48 h whole study) for MCF-10A, 

MCF-7, and MDA-MB-231 cell lines by using cosine-fitting algorithm. The first 12 h 

contains random biological process instead next 28 h display a robust rhythmicity [160]. 

The cosine function is defined as g = β × cos(ω × t + ϕ), where the cosine parameters β, 

ω, and ϕ were limited to [0, 30], [0, π], and [−2π, 2π], respectively. This function was used 

to evaluate distributions of the cosine correlations, periods, and phases in the 

experimental and randomized data. Afterward, restrictive values for amplitude, period, 

and cosine correlation were selected to identify rhythmic miRNAs. These values were r > 

0.82 for cosine correlation, 0.22–0.29 for period, and >0.045 for amplitude. The miRNAs 

that fulfilled those parameters were grouped using hierarchical clustering (ward 

agglomeration) to identify miRNAs with similar phases.  

 Next, miRNAs were selected for confirmation using RT-qPCR technology. They 

were chosen if they featured cosine-fitting correlation values of r were close to 1, a period 

of about 24 h, and a high amplitude value. Additionally, we restricted the selection of 

miRNAs for longer probe sequences, lengths of at least 15 nt, and/or high correlation 

among probes that belong to the selected miRNA. These parameters were used to ensure 

the reproducibility of the RT-qPCR assays [164]. 

3.3.12.1 Rhythmic expression analysis for qPCR data 

 The confirmation of miRNA rhythmic expression was performed on 48 h whole 

study for MCF-10A, MCF-7, MDA-MB-231, ZR-7530 and HCC-1954 cell lines by using 

MetaCycle package (version 1.0.0; https://github.com/gangwug/MetaCycleV100.git) 
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[165]. The miRNAs that exhibited p-values of less than 0.05 were considered rhythmic. 

All the statistical analyses were performed using R programming language. 

3.3.13 Identification of Targeted mRNAs and Pathway Analysis 

 The MultiMiR package (version 1.0.1; http://multimir.ucdenver.edu/) was 

established to identify targeted miRNAs that were experimentally validated [166]. The 

Reactome pathway analysis tool was used to perform annotation enrichment analysis 

using lists of targeted mRNAs [167] 



Chapter 4. Results and Discussion   55 
 

55 
 

Chapter 4 

Results and discussion 

4.1 Entrainment of the circadian clock in human breast cell cultures 

4.1.1 The Human breast clock  

 Scientists around the world are investigating the potential medical use of the 24-

hour variations regarding human health-to-disease mechanisms [168]. However, 

although knowledge of circadian clock is expanding rapidly, translation into human 

studies require more research [169]. There are evidences regarding clock function can 

be species specific [170], [171] and even further tissue-cell specific [172], [173].  

 The circadian clock can be studied in vitro, considering that clock function is tissue 

specific. Initially, benign tissues such as the retinal and intestinal epithelium were 

commonly studied in order to know the clock physiology of cells [174], [175]. Over time, 

the theory of clock-regulated cell division has become more extensive, thus, clock 

disruption has been associated with deregulated cell-growth and an increased incidence 

of neoplasms [176]. Thus, scientific community also initiated studies in cancer cells in 

order to evaluate clock function, including breast cells [141], [177], [178]. 

 In fact, breast cells have a highly proliferative nature that it is subject to 

abnormalities, which can result in tumorigenesis. Thus, some evidences report changes 

in clock genes/circadian rhythm in immortalized breast tumour cell lines [130], [141], [179] 

as well as in animal models, such as mouse where circadian clock maintains tissue stem 

cell population in mammary gland, being more specific, 600 genes possibly are under 

circadian control in mouse mammary gland [180]. However, there are not reports of 

changes in miRNAs/circadian rhythm in immortalized breast tumour cell lines.  For this 

reason, to determine possible differences in oscillation of miRNAs in breast non-

tumorigenic and tumorigenic cells, entrainment by serum shock, an approach known to 

synchronize rhythmic gene expression in mammalian cells grown in culture, was 

employed [129]. 
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4.1.2 Optimization of gene expression protocol 

 To further understand the circadian clock at the molecular level, we sought to 

explore the expression changes of miRNAs by a 48 h time-course study after serum shock 

entrainment of human breast non-tumorigenic (MCF-10A) and tumorigenic (MCF-7, 

MDA-MB-231, HCC-1954, and ZR-75-30) cell lines. Thus, this optimization consisted of 

having controlled molecular assays, such as total RNA purification, RNA integrity, total 

RNA concentration, and primers efficiency: 

4.1.2.1 Total RNA purification for microarray assays 

 
 The initial RNA samples contained large amount of impurities that certainly affect 

the microarray assays. Thus, total RNA extracted from cellular fractions needed 

purification to obtain appropriate RNA quality and quantity for hybridization of microarray 

assays. Particularly, the purified RNA samples obtained greater values of 260/280 and 

260/230 ratios (see Figure 9). The purification process resulted an effective procedure for 

further processing. 

 

4.1.2.2 RNA Integrity of samples for microarray assays 

 
 The RNA integrity Purified was assessed in cyRNA and nuRNA samples by peak 

areas 18S y 28S, internal reference ladder, and appropriate concentration of RNA (see 

Figure 10). Following a run, RQI was determined as indicator of quality for further 

processing. All samples achieved greater RQI value than 7.   
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Figure 9. Comparison of total RNA from cellular fractions before and after purification. The purified 
RNA was used for microarray assays 

 

Figure 10. Electropherogram plot. This image depicts the parameters evaluated for evaluating RNA 
integrity. Markers 18S and 28S, and ladder are reference parameters. 
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4.1.2.3 Total RNA concentration for RT-qPCR assays 

 The RT-qPCR assays required the RNA samples with good quantity and quality. 

Thus, the RNA samples were purified and measured with MicroAmp® Fast 8-Tube strip. 

The batch for RT-qPCR assays consisted of 39 total RNA samples for each cell line (See 

Table 6 were illustrate the batch particularly for MCF-10A). 

Table 6. RNA concentration and quality parameter of MCF-10A 

              
Timepoint RNA R1 

(ng/ul) 
260/280 RNA R2 

(ng/ul) 
260/280 RNA R3 

(ng/ul) 
260/280 

T0 269.6 2.1 243.9 2.0 164.1 1.9 
T1 175.1 1.9 177.0 1.9 65.2 2.1 
T2 49.1 1.2 22.2 2.2 20.5 1.6 
T3 65.5 1.9 141.5 2.2 105.0 2.7 
T4 117.0 1.6 85.4 2.0 104.4 2.1 
T5 155.7 2.1 113.5 2.2 184.7 1.9 
T6 93.2 1.9 74.4 1.9 192.1 1.9 
T7 76.7 1.7 69.2 2.3 129.6 2.0 
T8 55.4 2.4 40.5 2.8 87.1 2.6 
T9 125.2 1.9 228.9 2.3 102.3 2.1 
T10 126.7 1.9 49.9 1.7 85.1 2.1 
T11 58.8 2.1 70.9 1.7 64.8 1.7 
T12 59.9 1.9 46.1 2.1 79.2 1.9 

 

4.1.2.4 Efficiency of primers. 

  

 The expression levels of BMAL1, PER2 and SERPINB1 genes by RT-qPCR for 

assessing status of the circadian system in breast cell lines. The results were normalized 

using GAPDH as reference gene and the time = 0. These 4 genes were measured by 

using 4 sets of primers, which were previously evaluated by standard curves. These 

evaluations allow the optimization of qPCR conditions for performing robust assays. The 

four set of primers obtained efficiencies above 97%, see Table 7. 
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Table 7. Primers features 

Set of Primers Product size (Pb) Efficiency (%) 
BMAL1 141 99.87 
PER2 149 97.41 

SERPINB1 70 97.82 
GAPDH 121 98.24 

 

4.1.3 Rhythmic expression of clock genes displayed in MCF-10A cell lines 
 
 The MCF10A cell line is the most used non-tumorigenic human breast cell model, 

these cells were derived from benign proliferative breast tissue, and were spontaneously 

immortalized. Importantly, these cells are not tumorigenic and have not expression of 

estrogen receptor-α (ERα) [181]. Additionally, this cell line has molecular characteristics, 

which includes depletion of the chromosomal locus, containing  p16 and p14ARF genes, 

both of which are critical in regulating senescence, and amplification of the Myc gene 

[181]. 

Based on non-tumorigenic characteristic of MCF-10A, cultured cells were 

entrained by serum shock, then we confirmed the pattern expression of BMAL1 and PER2 

genes as prior studies showed [130], [141], [182], [183]. We obtained RT-qPCR data 

tracking the expression of BMAL1 and PER2 genes. Both transcripts were present and 

detectable (see Figure 11), having significant rhythmic patterns (p-values of 0.010 and 

0.014, respectively using MetaCycle package) and showing periods of 24.15 and 20.40 

h, respectively. In regards to the peaks of the patterns, BMAL1 displayed peak expression 

levels at 12-h and 36-h, while PER2 displayed peak expression levels at 20-h and 40-h, 

disregarding first 12 hours, because this period belong initial synchronization process and 

does not have sustained rhythmicity [160]. Therefore, the phase difference 

between BMAL1 and PER2 was approximately 12 hours, and the two had expression 

profiles in opposition to one another, as expected [141]. 

     Although, research about circadian clock identified many genes with rhythmic 

expression on diverse tissues [73]. However, two clock genes were selected due both 

has sustained rhythmic expression in human non-tumorigenic MCF-10A cells along 
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several studies, previously mentioned. The BMAL1 gene is a positive regulatory member 

of the circadian transcriptional complex [184], while PER2 gene is a negative regulatory 

member of the circadian transcriptional complex [184]. The sustained rhythmic 

expression given by BMAL1 and PER2 genes in MCF-10A cells are probably partial or 

non-dependent of circadian transcriptional complex, because this cell line has a lack of 

estrogen signaling, which triggers a lack of transactivation of PER2, however, apparently, 

this biological event does not affect PER2 rhythmic expression, as well as BMAL1 

rhythmic expression [130]. 

 

Figure 10. Temporal expression profiles of BMAL1 and PER2 genes in entrained human breast non-
tumorigenic cell line, MCF-10A.  The expression of BMAL1 and PER2 was measured by RT-qPCR 
assays. Samples were collected every 4-h for 48-h. Data points (mean of duplicates) were 
normalized using GAPDH gene, and corrected to the first time point (t = 0). 

 

 Although, ERα is essential for normal mammary gland physiology and also 

important as prognostic marker for the treatment of breast cancer [185]. MCF-10A a non-

tumorigenic cell line with ERα non-expression displayed PER2 and BMAL1 rhythmic 

expression, which implies there are other mechanisms largely unknown involved to 

maintain rhythmic expression in mammary tissue.  
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4.1.4 Rhythmic expression of clock genes displayed on tumorigenic breast cell 
lines  
 Breast cancer is the most frequent malignancy in women around the world [186]. 

This disease represents a critical public health problem that requires further research at 

the molecular level in order to determine management strategies for prognosis and 

treatment prediction [187].  

 Breast cancer is known to be a complex and heterogeneous disease. This diversity 

is reflected in the underlying morphologic and molecular variation, with a spectrum of 

histologic features, such as tumour grade, lymph node status and the presence of 

predictive markers, ER, PR and HER2/neu markers. These are used for predicting clinical 

outcome for appropriately targeted therapies [188]. 

 During last decades, gene expression profiling research has contributed 

significantly to understand the heterogeneity at a molecular level, sophisticated 

classification comprising luminal A, luminal B, basal-like, HER2-positive and normal 

subgroups [121], [189], [190]. Luminal subtypes are ER positive and express markers of 

the luminal epithelial layer of normal breast ducts cells. The HER2/neu subtypes are 

associated with amplification and overexpression of HER2 and adjacent genes on 

chromosome 17q12. Basal-like tumors share expression markers with the underlying 

myoepithelial layer of normal breast ducts, are ER negative, and are associated with an 

unfavorable outcome. TNBC are basal-like tumors and are defined as breast tumors that 

lack expression of ER, PR, and HER2 [191]. 

 The extensive findings about molecular classifications of breast cancer now firmly 

established, researchers have turned their attention to breast cancer cell lines to 

determine whether the molecular profiles observed in breast carcinomas are reflected in 

cell line models of the disease. In general, several studies have shown molecular 

classifications in breast tumors can be distinguished in breast cancer cell lines [126], [192], 

[193]. Thus, our research performed with those breast cell lines provides good 

opportunities for the further study of miRNA expression phenotype, which will enhance 

our understanding of its biology. Our breast cancer cell lines represent most studied 
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molecular subtypes, MCF-7 (luminal), ZR-75-30 (luminal), MDA-MB-231 (basal-like) and 

HCC-1954 (HER2/neu) [126]. 

4.1.4.1 Temporal expression of BMAL1 and PER2 genes in MCF-7 cells 

 BMAL1 and PER2 genes did not display circadian expression in MCF-7 cells. This 

non-rhythmicity might due that breast tumorigenic cell lines apparently have a disrupted 

inner clock [130], [141], [182]. Moreover, these clock genes showed lower amplitude (see 

Figure 12 and Table 8), compared with the expression displayed by MCF-10A cells. 

These findings might be related to the ER expression, due MCF-7 cells present an 

overexpression of it [194], and is a important feature for breast cancer development. 

Additionally, ER expression might a critical factor for downstream processes regarding 

circadian regulation as some investigations are mentioned in last decade [130], [182]. 

Indeed, there are earlier evidences that clock genes and estrogen receptor signaling 

appear to function in a bidirectional relationship [195].   

Table 8. Circadian features of clock genes displayed in MCF-7 cells  

Genes P-value Period Amplitude 
PER2 0.999 26.55 0.03 
BMAL1 0.462 24.27 0.22 

 

 

Figure 11 Temporal expression profiles of BMAL1 and PER2 genes in entrained MCF-7 cells. In 
addition, expression profiles in MCF10A cells are added for comparison purposes. The expression 
of BMAL1 and PER2 genes was measured by RT-qPCR assays. Samples were collected every 4-h 
for 48-h. Data points (mean of triplicates ± SEM) were normalized using GAPDH gene relative to the 
first time point (t = 0). Dotted gray lines at 12-h and 40h were added to show the period where 
profiles have robustness.  
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4.1.4.2 Temporal expression of BMAL1 and PER2 genes in MDA-MB-231 cells 

 The BMAL1 and PER2 genes did not displayed rhythmic fashion in serum shocked 

MDA-MB-231 cells (see p-values significance in Table 9). The expression of these genes 

through 48 hours was likely stable, non-rhythmic fashion, which was similar to previous 

investigations (see Figure 13) [130], [141], [196]. This cell line consists of invasive 

ductal/breast carcinoma cells, which is also known as triple-negative cell line, due it lacks 

ER and PR expression, as well as HER2/neu amplification [127], [128]. Thus, those 

pathological features of the cell line might affect some processes in rhythmic expression 

of clock genes. Particularly, BMAL1 gene was reported that levels of expression of this 

gene might influence on the regulation of migration and invasion in MDA-MB-231 cells 

[117]. However, the rhythmicity displayed by this gene on breast non-tumorigenic cell 

lines was lost [196]. In regards to PER2 gene, it has been linked with DNA damage 

responses, then PER2 expression results in potential downstream effects on both cell 

cycle and apoptotic targets, suggestive of a tumour suppressive role for breast cancer 

cells [179]. Nevertheless, PER2 gene expression evidenced a lost rhythmicity in MDA-

MB-231 cells [196]. 

 
Table 9 Circadian features of clock genes displayed in MDA-MB-231 cells 

Genes P-
value Period Amplitude 

BMAL1 0.999 28.46 0.30 
PER2 0.417 26.57 0.06 

 

 
Figure 12 Temporal expression profiles of BMAL1 and PER2 genes in entrained MDA-MB-231 cells. 
In addition, expression profiles in MCF10A cells are added for comparison purposes. The 
expression of BMAL1 and PER2 gene was measured by RT-qPCR assays. Samples were collected 
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every 4-h for 48-h. Data points (mean of triplicates ± SEM) were normalized using GAPDH gene 
relative to the first time point (t = 0). Dotted gray lines at 12-h and 40h were added to show the period 
where profiles have robustness.  

 

4.1.4.3 Temporal expression of BMAL1 and PER2 genes in ZR-7530 cells 

 The BMAL1 and PER2 genes did not displayed rhythmic fashion in serum shocked 

ZR-7530 cells (see p-values significance in Table 10). Particularly, BMAL1 gene 

displayed mild amplitude, while PER2 displayed a dampening expression, which was 

similar to previous investigation (see Figure 14) [141]. Noteworthy, ZR-7530 cells are well 

known as luminal B cells [128], and there are not much scientific progress linking those 

cells with circadian rhythm. Thus, those pathological features of this type of breast cancer 

might a critical factor for downstream processes regarding circadian regulation as some 

investigations are mentioned with other cell lines. 

 
Table 10 Circadian features of clock genes displayed in ZR-7530 cells 

Genes P-
value Period Amplitude 

BMAL1 0.053 29.68 1.97 
PER2 0.997 26.54 0.33 

 

 
Figure 13 Temporal expression profiles of BMAL1 and PER2 genes in entrained ZR-7530 cells. In 
addition, expression profiles in MCF10A cells are added for comparison purposes. The expression 
of BMAL1 and PER2 genes was measured by RT-qPCR assays. Samples were collected every 4-h 
for 48-h. Data points (mean of triplicates ± SEM) were normalized using GAPDH gene relative to the 
first time point (t = 0). Dotted gray lines at 12-h and 40h were added to show the period where 
profiles have robustness.  
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4.1.4.4 Temporal expression of BMAL1 and PER2 genes in HCC-1954 cells 

The BMAL1 and PER2 genes did not displayed rhythmic fashion in serum 

shocked HCC-1954 cells (see p-values significance in Table 11). The expression of 

BMAL1 gene through 40 hours was likely stable, except for last points where appeared 

an inconsistency expression level, whereas PER2 gene displayed multiple peaks, both 

patterns were similar to previous investigations (see Figure 15) [141]. In particular, HCC-

1954 cell line was derived from a primary stage IIA, grade 3 invasive ductal carcinoma 

with non-lymph node metastases, which has not estrogen receptor, nor progesterone 

receptor, however, this cell is well-know due its overexpression of her2/neu [197]. 

Noteworthy, there has been reported lower expression of BMAL1 and PER2 gene in cells 

with overexpression of her2/neu [198], [199]. This lower expression might promotes the 

loss of rhythmicity, however, this phenomenon needs to be further studied.  

 
Table 11 Circadian features of BMAL1 and PER2 genes displayed in HCC-1954 cells 

Genes P-
value Period Amplitude 

BMAL1 0.667 24.98 1.1 
PER2 0.854 25.05 1.47 

 

 
Figure 14 Temporal expression profiles of BMAL1 and PER2 genes in entrained HCC-1954 cells. In 
addition, expression profiles in MCF-10A cells are added for comparison purposes. The expression 
of BMAL1 and PER2 genes was measured by RT-qPCR assays. Samples were collected every 4-h 
for 48-h. Data points (mean of triplicates ± SEM) were normalized using GAPDH gene relative to the 
first time point (t = 0). Dotted gray lines at 12-h and 40h were added to show the period where 
profiles have robustness.  
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4.1.4.5 Temporal expression of SERPINB1 gene in MCF-7 cells 

 SERPINB1 gene displayed a particular rhythmic expression in MCF-7 cells (see 

Figure 16 and Table 12). This behavior expressed by SERPINB1 gene was replicate from 

previous research [197], which was the first evidence about a supposed certain function 

in human circadian rhythm. Currently, there are evidences that human serpin proteins 

play important roles in diverse biological functions, the majority of which are involved in 

proteolytic cascades of blood clotting and anti-inflammatory responses [141], but 

evidences related to circadian are still being  researched. Indeed, compelling evidence 

has shown that serpins proteins are closely linked to human diseases. Particularly, few 

studies suggested that SERPINB1 protein might suppress the migration and invasion of 

lung, liver, and breast cancers [200]. However, the possible connection of breast cancer 

with circadian behavior of SERPINB1 gene requires further investigation. 

 Table 12 Circadian features of SERPINB1 gene displayed in MCF-7 cells  

Genes P-
value Period Amplitude 

SERPINB1 0.011 21.16 0.65 
 

 

Figure 15. Temporal expression profile of SERPINB1 gene in entrained MCF-7 cells. The profile 
expression of SERPINB1 gene was done by RT-qPCR assays in serum-shocked MCF-7 cells during 
48 hours (4-hour intervals). Data points (mean of triplicates ± SEM) were normalized using GAPDH 
gene relative to the first time point (t = 0). Dotted gray lines at 12-h and 40h were added to show the 
period where profiles have robustness.  
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4.2 Rhythmic expression of miRNAs displayed in human breast cell lines 

 In order to explore the expression of miRNAs through 8 time points (28 hours), 

then microarray assays were performed to test one non-tumorigenic breast MCF-10A 

cells and two tumorigenic cell lines, MCF-7 and MDA-MB-231.  

 
4.2.1 Microarray assays for miRNA expression 
 
 Based on validation of entrainment of human breast cell lines. Thus, microarrays 

assays were performed for 4 groups: cyRNA from MCF-10A, nuRNA from MCF-10A, 

cyRNA from MCF-7, and cyRNA from MDA-MB-231.  

 

 The results of the microarrays evidenced that Cy5 hybridization in nuRNA samples 

presented lower signal intensities, which implies lower expression or bad hybridization 

procedure (See Figure 17). Thus, based on signal intensities the results from nuRNA 

samples were dropped in order to avoid unnecessary RT-qPCR assays and surely not 

reliable expression. 

 

4.2.1 Statistical analysis of miRNA rhythmic profiles 
 
 The cosine-fitting function was used to identify potential rhythmic patterns 

expressed by miRNAs [201]. However, prior to this analysis, we evaluated the efficiency 

of the cosine-fitting function by testing it with diverse grades of data decomposition of 

experimental data. 

 
 The experimental data belonged to miRNA expression of MCF-10A, MCF-7, and 

MDA-MB-231 cells was decomposed by 5 five types of randomization methods, such as 

TL (time-label), RW (row-wise), CW (column-wise), RCW (row-column-wise), and RCWB 

(row-column-wise by blocks). Therefore, the features associative to rhythmicity, including 

cosine correlation, period, and phase of the experimental and randomized data for each 

miRNA were assessed. Thus, the evaluation identified that distributions are equivalent 

between cell lines from experimental data (see Figure 18). 
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Figure 16 Comparison of background and foreground obtained from microarrays assays in MCF-
10A. The foreground plot obtained from cyRNA samples has solid signal intensities (green) and 
background evidenced normal pattern. However, The foreground plot obtained from nuRNA 
samples has few dots and lower signal intensities (red) and background evidenced more dots and 
higher signal intensities. 

 

The distributions of cosine correlation, period and phase features have been 

structured likely previous studies [202]–[204].  Particularly, there are evidences about 

some synchrony that follows clock gene expression in individual cells [205], [206]. 

However, clearly, such individual cells-synchronized must be coupled in the intact animals 

since otherwise they would rapidly lose synchrony under constant conditions and could 

therefore not drive coordinated rhythmic outputs of the circadian clock system [206]. Thus, 

these distributions that were obtained from cell line experiments that have some 

variations regarding distributions of peaks, which generate a possibly draw away of 

Gaussian distribution. These results might be due to those cell lines having been shocked 

by horse serum, but this chemical synchronization is just achieved through a short period, 
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then some miRNAs might experience changes of the expression, which trigger changes 

on distributions of cosine correlation, period, and phase features. 

 

 
Figure 17. Distribution of cosine correlation, period and phase obtained from analyzing 28h temporal 
expression of 2006 miRNAs in MCF-10A, MCF-7 and MDA-MB-231 cells. 

 
 Furthermore, distributions obtained from experimental data were certainly different 

than randomized data. Particularly, distributions of circadian features obtained from data-

decomposed by TL and RW methods had similar structures to experimental data (See 

Figure 18). Therefore, these results were what we expected, because the level of 

decomposition of data was minor, because the experimental data had 8 time-points, and 

there is still chance of not completely randomization [207]. Thus, these 2 methods of 

randomization are not recommended for evaluating decomposition of data, as well as 

evaluating efficiency of fitting-cosine function. 
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 Additionally, distributions of periods obtained from data-decomposed by CW and 

RCW methods had similar pattern than the experimental data (See Figure 18). 

Particularly, this result was not expected, but it is evidence that period, as a circadian 

feature should be carefully evaluated; considering that experimental data has just 8 time-

points [207]. Moreover, distributions of cosine correlations, and phases had different than 

the experimental data (See Figure 18). Particularly, this last result evidenced that CW 

and RCW methods are able to decompose data, which based on previous results, there 

is still a need to find an integral method for whole decomposing of data. 

 

 Finally, data obtained from RCWB method showed marked differences in structure 

compared with the experimental data, including different cosine correlations, periods, and 

phases (See Figure 18). Thus, cosine correlations and periods for experimental and 

randomized data were plotted (See Figure 19). We noted that data from RCWB method 

has a high proportion of transcripts with periods less than 0.22, which means they cannot 

be categorized as rhythmic transcript (periods close to 0.26) (see Figure 19D). We also 

compared periods between the experimental and randomized data, finding that the 

randomized data features have fewer rhythmic periods than from the experimental data 

(see Figure 19E). 

 

 The RCWB method changed noticeably the structure of the experimental data. The 

results can be explained by the simultaneous shuffling of columns and rows in two 

separate blocks to ensure a lack of intrinsic pattern in the data [208]. Biologically, it might 

be justified by the assumption that miRNAs feature diverse temporal patterns of 

expression [209], such as starting and ending expressions with slow peaks or dampened 

expression. Therefore, our results suggest that short time course data should be 

randomized using an appropriate method, such as RCWB, to achieve more accurate null 

distributions [208]. 
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Figure 18 Evaluation of the cosine correlation, period and phase distributions in experimental and 
randomized data. Experimental data consisted of miRNA temporal expression in   MCF- 10A, MCF-
7 and MDA-MB-231 cells. Randomized data consisted of five types of data (by triplicate) 
decomposed from 5 types of randomization methods: TL, CW, RW, CRW and CRWB. Panel (A) 
shows the distributions of cosine correlation, panel (B) period, and panel (C) phase among 
experimental and randomized data. Panel (D) shows cosine correlation compared to the period for 
experimental and randomized (CRWB) data. An arrow mark regions in which miRNAs with large 
cosine correlation is highly associated to non-periodic values in randomized experiments whereas 
experimental data do not show such associations. Panel (E) shows plots of the period values in 
experimental and randomized (CRWB) data (two replicates). Red dots represent miRNAs fulfilling 
the selection criteria in correlation and period values.  
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In summary, when the structures of the experimental and randomized data show 

equivalents, then cosine fitting function calculate mathematical rhythmic features by 

chance, it is often observed when statistical analysis is performed in short temporal 

expression data [207]. However, our last results suggest that the RCWB method 

effectively randomize experimental data and removes the biological structure, which 

indicates that cosine fitting function can be used to calculate the circadian parameters of 

transcripts [208]. The current evaluation is consistent with our previous study [141]. Thus, 

we believe that our validation of miRNA profiles using RT-qPCR is the best evidence that 

microarray data are not random. 

 

4.2.2 Determination of miRNAs with rhythmic expression 
 
 The miRNA profiles were analyzed by high-density Agilent microarrays, specific 

for 2006 human miRNAs in 3 human breast cell lines, such as MCF-10A, MCF-7, and 

MDA-MB-231 cells. To determine whether global miRNA profiling could distinguish 

molecular groups by phase measurement, clusters, then we performed an unsupervised 

analysis using conventional hierarchical agglomerative clustering, which revealed closely 

6 clusters of miRNA profiles for each cell line (see Figure 20).  The most striking finding 

was that MDA-MB-231 cells displayed miRNA profiles tightly clustered. The differences 

in phases displayed for temporal expression of miRNAs still need further research to have 

a clear biological meaning. Thus, this regulation might induce bistability, and oscillations, 

which suppose some variations on the phases displayed by miRNAs [210]. 

 

In addition, the analysis identified a total of 143 (7.12%) miRNAs with patterns of 

rhythmic expression in human breast non-tumorigenic cells, MCF-10A, while in 

tumorigenic cells, such as MCF-7 and MDA-MB-231 cells presented 183 (9.12%) and 147 

(7.32%) rhythmic miRNAs, respectively. Thus, these results are comparable what has 

been found that at least 10% of transcriptome oscillate with circadian rhythmicity in many 

human tissues [211]. The majority of these miRNAs are tissue specific, indicating that the 

circadian clock is tightly coupled to key tissue specific functions [212], as well as might 

indicate differences according pathological condition [213]. 
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Figure 19 Correlations plots from miRNA profiling in breast cell lines. They illustrate the disposition 
of the clusters (based miRNA expression) identified for each breast cell line.  

 

 
Figure 20. Heatmaps of temporal expression (28h) of miRNA profiling in breast cell lines. The heat 
maps depict the expression level of miRNAs over 28 h (between 12–40h) in MCF-10A, MCF-7 and 
MDA-MB-231 cells. Additionally, heat maps show 6 different clusters of miRNAs that depict marked 
phases. Brown colors represent higher expression values, while yellow colors represent lower 
expression values. Expression values are z-scaled relative to each cell line. 
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 Subsequently, we determined potential miRNAs with rhythmicity between breast 

cell lines (see Figure 22). The comparison identified 9 common miRNAs between MCF-

10A and MCF-7 cells, which was highly significant (p-value = 0.03, hypergeometric test). 

We also found that 11 miRNAs significantly overlapped across the tumorigenic cell lines 

MCF-7 and MDA-MB-231 (p-value = 0.007, hypergeometric test) and 8 miRNAs 

overlapped across MCF-10A and MDA-MB-231 cells (p-value = 0.02, hypergeometric 

test). Nevertheless, we identified 2 potential rhythmic miRNAs overlapped between the 

three breast cell lines. Thus, these results show a large component of specific rhythmic 

miRNAs and only small common component feature rhythmicity among the tested breast 

cell lines, which can be observed through cosine correlations, periods, and phases 

obtained from the cosine-fitting function, see Tables B1-3 in Appendix B. 
 

 

 

 

 

   

    

 

 

 

 

 

 

Figure 21. Venn diagram of 143, 183, and 147 miRNAs that exhibited rhythmic expression over 28 h 
in MCF-10A, MCF-7, and MDA-MB-231 cells. The diagram also shows miRNAs that exhibited 
rhythmicity across cell lines and were selected for RT-qPCR validation (red). 

 
4.2.3 Validation of rhythmic expression profiles using RT-qPCR 
 
 For validation purposes, the selection of miRNAs was based on similar or opposite 

rhythmic patterns observed on 28h temporal expression from microarray results. We 
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selected one miRNA that displayed rhythmicity only for MCF-10A (miR-141-5p), MCF-7 

(miR-1225-5p), and MDA-MB-231 (miR-17-5p). Additionally, we selected miR-769-3p 

because it shared a similar profile for MCF7 and MB-MDA-231, while miR-222-5p was 

selected because it had opposite profiles between MCF-10A and MCF-7, and finally, miR-

548ay-3p was included due it exhibited rhythmic expression in MCF-10A, MCF-7, and 

MDA-MB-231. The selection was regarded on scientific findings, which declares that up-

regulation of a set of miRNAs may also come from down-regulation of other miRNAs, in 

other words, read counts of a specific miRNA relative to all mapped reads, while miRNAs 

may have lower/higher absolute abundance depending of miRNA reference utilized for 

calculation of relative quantification [214].  

 

 Additionally, we measured the temporal expression of the selected miRNAs in two 

other tumorigenic breast cell lines, ZR-7530 and HCC-1954 (note that last two time points 

of HCC-1954 are missing due experimental issues). After comparing the miRNAs 

temporal expression between microarray and RT-qPCR results, we observed similar 

profiles, suggesting reproducibility among assays.  

 

 The significance of the rhythmicity of miRNAs was evaluated using MetaCycle (p < 

0.05) [165]. In MCF-10A cells, the miR-141-5p displayed an expected significant 

rhythmicity (MetaCycle p-value = 0.023). Nevertheless, this miRNA also displayed 

significant rhythmicity in MCF-7 and HCC-1954 cells (MetaCycle p-values of 0.0011 and 

0.041, respectively), which was not observed in microarray results (see Figure 23A). We 

additionally observed that miR-141-5p exhibited lower amplitude in MCF-7 than MCF-10A 

and HCC-1954. Based to our knowledge at this moment, there are not conclusive 

evidences about circadian behavior of miR-141-5p with breast pathophysiology. However, 

notably, one study reported that miR-141-5p showed circadian expression in rat 

enterocytes [15]. On other hand, there is one evidence about miR-141-5p related to 

progression of triple-negative breast cancer [215]. Although, there has also been this 
miRNA potentially proposed as biomarker for prostate cancer [216]. Finally, interestingly, 

the three breast cell lines where have been identified the rhythmicity of mir-141-5p have 
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different histopathological features which make hypothesize that ER, PR and Her2/neu 

might not related to circadian clock.  

 

 In particular, miR-1225-5p did not display significant rhythmicity in MCF-7 cells, 

but it did display rhythmicity in ZR-7530 and HCC-1954 (MetaCycle p-values of 0.0079 

and 0.037, respectively). Nonetheless, it exhibited low amplitudes across five breast cell 

lines (see Figure 23B), suggesting randomness. At this moment, there are not conclusive 

evidence about circadian behavior of miR-1225-5p with breast pathophysiology. However, 

there are evidences that miRNA has potential biological function of tumour suppressor in 

diverse cancers, such as glioblastoma [217],  non-small cell lung cancer [218], 

hepatocellular carcinoma [219], and osteosarcoma [220]. Nonetheless, there is evidence 

that miR-1225-5p has a possible oncogene function for progression of breast cancer [221], 

Based above evidences, we suspect that mir-1225-5p might have a specific role on breast 

pathophysiology, but there is still need more investigation to validate this assumption. 

 

 The miR-17-5p displayed the expected rhythmicity in MDA-MB-231 cells 

(MetaCycle p-value = 0.0018), and interestingly, it also exhibited rhythmicity in HCC-1954 

cells (MetaCycle p-value = 0.037) (see Figure 23C). Interestingly, both cell lines are 

negative for ER and PR, but differ on ERBB2 (HER2/neu) expression. Thus, the 

rhythmicity exhibited in both cell lines appears to be beyond the biological function of the 

receptor tyrosine-kinase. Additionally, this miRNA is a member of the well-known miR-

17/92 cluster, which is largely related to breast cancer as an oncogene and tumor 

suppressor [222], [223]. We also noted that miR-17-5p has potential 343 targeted mRNAs, 

five genes of which (MEF2D, PPP1CA, NPAS2, PER1, and RPS27A) are involved in the 

circadian clock pathway (p = 0.0027). Interestingly, a recent study found that miR-17-5p 

stabilizes the circadian clock period by inhibiting the translation of Clock and Npas2 in 

mice [224]. These results are encouraging and propose that the other miRNAs identified 

in the same way than mir-17-5p may play a potential role in rhythmicity. Nevertheless, 

further investigation is required to validate the remaining molecular associations. 
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Figure 22. Expression profiles of miR-141-5p, miR-1225-5p, and miR-17-5p across breast cell lines. 
The rhythmic expression was evaluated by RT-qPCR assays in serum-shocked MCF-10A, MCF-7, 
MDA-MB-231, ZR-7530, and HCC-1954 cells over 48 h (4h intervals). (A) miR-141-5p exhibits 
rhythmic profiles in MCF-10A, MCF-7 and HCC-1954 cells; (B) miR-1225-5p exhibits rhythmic 
profiles in ZR-7530 and HCC-1954 cells; (C) miR-17-5p exhibits rhythmic profiles in MDA-MB-231 
and HCC-1954 cells. Data points (means of three biological replicates ± standard error of the mean 
[SEM]) were normalized using miR-106a-5p relative to the first time point (t = 0). The p-value and 
period values of rhythmic profiles were obtained from the MetaCycle analysis and are illustrated at 
the top of each plot. Expression profiles with p-values less than 0.05 were considered rhythmic. For 
comparison purposes, the gray lines in the graphs concerning MCF-10A, MCF-7, and MDA-MB-231 
illustrate the expression profiles obtained from the microarray data, which were scaled to the 
expression profile obtained from RT-qPCR assays. Dashed gray lines at 12 h and 40 h were added 
to show the period in which profiles were measured by microarray. 
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 Furthermore, miR-769-3p displayed significant rhythmicity in MCF-7 and MDA-

MB-231, both of which featured MetaCycle p-values close to 0.02 and demonstrated 

profiles consistent with those obtained from the microarray (see Figure 24A). Particularly, 

the temporal expression of this miRNA for MCF-7 exhibited lower amplitude. These 

results agreed with evidence showing that miRNA biogenesis is altered in cells with ERα 

over-expression [225]. In addition, one study evidenced that miR-769-3p can functionally 

regulate NDRG1 upon reoxygenation in MCF-7 cells, thus, this evidence implies that miR-

769-3p has a potential role in cancer cells were hypoxia is a cell condition [226]. While 

MDA-MB-231 are ERα-negative cells that presumably have different miRNA expression. 

Taken together, this evidence suggests that both cell lines share some inner mechanisms, 

despite the fact that they are distinct subtypes of breast cancer.  

 

 The miR-222-5p displayed rhythmicity in MCF-10A and MCF-7 cells with markedly 

distinct amplitudes (see Figure 24B). Previous studies reported that miR-222-5p plays a 

role in the regulation of ERα expression in breast cancer cells by promoting the transition 

from ER-positive to ER-negative tumors during the progression of cancer [227] and 

related to circadian clock outputs [228]. Taken together, this evidence suggests that miR-

222-5p expression may participate in different mechanisms between both breast cell lines 

unknown as of yet.  

 

 The rhythmic expression of miR-548ay-3p was validated in MCF-10A and MDA-

MB-231, but not in MCF-7 (see Figure 25). Interestingly, it also exhibited rhythmic 

patterns in ZR-7533 and HCC-1954. To date, no studies have investigated this miRNA 

because it was discovered only recently [229]. 
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Figure 23 Expression profiles of miR-769-3p, miR-1225-5p, and miR-222-5p across MCF-10A, MCF-
7 and MDA-MB-231 cells. The rhythmic expression was evaluated by RT-qPCR assays in serum-
shocked MCF-10A, MCF-7, and MDA-MB-231 cells over 48 h (4 h intervals). (A) Rhythmic profiles of 
miR-769-3p exhibited in MCF-7 and MDA-MB-231 cells. (B) Rhythmic profiles of miR-222-5p 
exhibited in MCF-10A and MCF-7 cells. Data points (means of three biological replicates ± SEM) 
were normalized using miR-106a-5p relative to the first time point (t = 0). The p-values and period 
values of rhythmic profiles were obtained from MetaCycle analysis and are illustrated at the top of 
each plot. The p-values lesser than 0.05 were considered as rhythmic expression statistically 
significant. For comparison purposes, the more lightly colored lines illustrate the expression 
profiles obtained from microarray assays, which were scaled to the expression profiles obtained 
from RT-qPCR assays. Dashed gray lines at 12 and 40 h were added to show the periods in which 
the profiles were measured by microarrays. 
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Figure 24 Expression profiles of miR-548ay-3p in MCF-10A, MCF-7, MDA-MB-231, ZR-7530 and HCC-
1954 cells. The rhythmic expression was evaluated by RT-qPCR assays in serum-shocked 5 human 
breast cell lines over 48 h (4 h intervals). Data points (means of three biological replicates ± SEM) 
were normalized using miR-106a-5p relative to the first time point (t = 0). The p-values and period 
values of rhythmic profiles were obtained from MetaCycle analysis and are illustrated at the top of 
each plot. The p-values lesser than 0.05 were considered as rhythmic expression statistically 
significant. For comparison purposes, the more lightly colored lines illustrate the expression 
profiles obtained from microarray assays, which were scaled to the expression profiles obtained 
from RT-qPCR assays. Dashed gray lines at 12 and 40 h were added to show the periods in which 
the profiles were measured by microarrays. 
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4.3 Identification of the Target mRNAs in a Group of miRNAs 

 After the six miRNAs were validated, we sought their gene targets in multiMiR. It lists the 

gene targets that were experimentally validated for each miRNA. Of the six miRNAs, only miR-17-

5p revealed targets (343 genes in total). We then performed an enrichment analysis using the 

Reactome enrichment tool, which identified 200 enriched pathways (see Appendix E). We 

observed the circadian clock pathways (p = 0.0027, FDR = 0.049, rank = 51) of five genes, MEF2D, 

PPP1CA, NPAS2, PER1, and RPS27A. 
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Chapter 5 
 

Conclusions 
 
 Circadian rhythms of living organisms entrain to daily environmental cues such as 

light and dark. Thus, disruption between internal circadian rhythms in mammals and 

environmental cycles can induce physiological abnormalities, including, obesity, heart 

problems, cancer, etc. Light is a well-known stimulus for circadian entrainment where 

photic signals are transduced by a specific pathway to the transcriptional mechanism that 

can be mimicked by pharmacological manipulations or others. The findings presented in 

this dissertation consistently support the hypothesis that miRNAs present rhythmic 

expression among human breast cell lines, which were induced in vitro by horse serum. 

Although, there are several studies showing multiple significant miRNAs in breast cancer 

during last decades. However, this research support new evidence that miRNAs show 

different rhythmic expression pattern, and they need further research for understanding 

how them influence in breast tumorigenesis.  

 The rhythmic expression of miRNAs in breast cancer cell lines, representing the 

molecular breast cancer subtypes showed that each particular cell line responded 

differently to the horse serum shock stimulus. These findings suggest that mechanisms 

behind rhythmic expression might not be shared among breast cancer cells lines. That´s 

why, further investigation should be addressed to certainly identify how miRNAs act and 

influence in circadian clock. Additionally, new insights about this connection might support 

the research about the timing of drug, targeting molecular clock.  

 

 In conclusion, this research initiated with the cell synchronization, specifically, 

horse serum was the synchronizer agent, which set the inner circadian clock of human 

breast cultured cells. The results suggest that breast cells are able to respond to the 

synchronization stimulus might exert transcriptional control (induction) over genes and 

miRNAs (no limited to them) (see Figure 26), which further play roles in specific cell 

functions or as a feedback loop in the circadian system. The current research intents to 
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evidence that miRNAs might also present rhythmic behavior. It is unknown how this 

emerges, what is their contribution to tune specific cell functions, or their possible role in 

the feedback loop. This investigation intent to provide new insights that possibly supports 

the understanding of circadian mechanisms in breast cancer. 

 

 
Figure 25. Overview of the interaction between circadian clock and miRNAs, specifically with 
rhythmicity. Continuous lines between concepts represent known facts. Dashed lines represent 
unknown information. Circadian control inspired in [230]. 

 

 Possible future directions regarding this research are so many. Firstly, this 

research was an initiative for intending to evidence the multiple rhythmic expression 

patterns that can be found in miRNAs, specifically in human breast cell lines. The possible 

improvements can be divided according to objectives of the research: 

The entrainment of human breast cell lines, this protocol used horse serum inducer, 

certainly, can be improved or even changed. Now, when research was performed, this 

procedure was a gold standard for initiative investigations about circadian expression of 

genes. We followed carefully the guidelines of previous PhD student, whom evidenced 

rhythmic expression of some genes in same cell lines. Thus, during next years, the 

scientific community demonstrated new roads for these kind investigations, such as 

luciferase assays, or even, in vivo studies. However, we strongly recommend studying 
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periods greater than 48 hours – we recommend 72 h -, as well as manage a group of 

people for achievement whole protocol. 

Certainly, miRNA expression by microarrays was a valuable option in the moment 

when it was performed. However, during last years, emerged new technologies for 

screening whole miRNA expression, the RNAseq is valuable option, which limit some 

disadvantages of microarrays, even, appropriate costs. Additionally, it might provide 

better signal intensities, which was a technical issue that we found for nuRNA samples. 

At the moment, there are not many investigations about the understanding of potential 

rhythmic miRNAs from nuclear compartment. We encourage starting initiatives for this 

research line that could give more insights about miRNAs and circadian clock. 

 Additionally, the statistical procedure for analyzing rhythmic expression also require 

special attention. The use of cosine fitting function, or even any other related-method, 

needs to verify that function is appropriate for determining truly rhythmic expression, and 

not getting just random rhythmicity. Particularly, this research developed multiple 

decomposing data, which evidenced that cosine-fitting function are appropriate. However, 

we encourage in future investigations to having a parallel set control samples 

(experimentally), which means that our protocol for getting samples (cultured-cells) 

through a period should consider one set of samples that will be stimulated randomly or 

even, for each time point, thus, we can ensure those samples are correctly disturbed and 

will not have rhythmic expression. 

 Finally, the consideration of truly rhythmic expression needs to be mentioned 

carefully, because determined expression needs to be validated with other method, such 

as in vivo and validate these findings. One issue that we are aware is about amplitude of 

the temporal rhythmic patterns, since microarray to RT-qPCR, there is still a need to 

validate these kinds of findings.   

  

 Thus, based on previous recommendations, we presumably expect that our 

findings of this research will be replicated and confirmed, or even more, determined the 

understanding the behavior of miRNAs in breast cancer, and possible used for 

development of biomarkers. 
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Appendix A   
Abbreviations and acronyms  

Table A. 1 Abbreviations 

 Words Description 
TNBC Triple Negative Breast Cancer 

PER2 Period circadian clock 2 

SERPINB1 Serpin family B member 1 

ARNTL Aryl hydrocarbon receptor nuclear translocator like 
TL  Time-label 
RW Row-wise 
CW Column-wise 
RCW  Row-column-wise 
RCWB  Row-column-wise by blocks 
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Appendix B 
mRNA expression performed in human breast cell lines 

B 1 mRNA expression showed in MCF-10A cells 

Time CT (BMAL) CT  (GAPDH) CT (PER2) CT  (GAPDH) 

TIME-0 37.50 22.27 33.31 22.50 
TIME-0 36.39 22.01 32.64 22.43 
TIME-1 35.31 21.85 33.56 22.56 
TIME-1 35.45 21.48 32.56 22.55 
TIME-2 38.83 26.69 36.20 27.98 
TIME-2 39.55 26.09 36.40 27.87 
TIME-3 34.74 22.64 32.92 22.21 
TIME-3 35.44 22.48 33.56 22.17 
TIME-4 38.43 23.97 34.05 23.93 
TIME-4 37.42 23.70 33.75 23.82 
TIME-5 35.02 20.45 30.48 21.52 
TIME-5 35.13 20.03 30.04 21.38 
TIME-6 37.37 21.84 33.05 23.21 
TIME-6 37.66 21.83 33.19 23.32 
TIME-7 36.57 19.40 31.96 21.74 
TIME-7 35.46 19.33 32.18 21.65 
TIME-8 37.88 24.41 33.82 23.27 
TIME-8 36.94 24.07 34.60 23.15 
TIME-9 38.47 26.08 34.64 21.83 
TIME-9 38.61 26.05 33.06 21.69 
TIME-10 36.74 22.22 30.66 22.05 
TIME-10 36.74 22.32 31.13 21.96 
TIME-11 39.01 23.32 34.04 23.87 
TIME-11 37.61 22.97 33.43 23.74 
TIME-12 40.39 24.45 34.88 24.45 
TIME-12 38.31 24.38 34.95 24.38 
NC Undetermined Undetermined Undetermined Undetermined 
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B 2 mRNA expression showed in MCF-7 cells 

Time CT (BMAL) CT (PER2) CT  (GAPDH) CT (SERPINB1) CT  (GAPDH) 
TIME-0 40.39 36.22 22.13 30.72 26.64 
TIME-0 40.26 35.57 21.89 30.46 26.46 
TIME-0 41.58 36.38 21.79 31.11 26.23 
TIME-1 36.66 33.94 18.12 33.39 29.69 
TIME-1 36.57 33.75 18.32 33.37 29.75 
TIME-1 36.75 33.95 18.02 33.54 29.68 
TIME-2 36.28 34.94 17.69 32.01 26.80 
TIME-2 35.96 34.13 17.83 31.61 26.97 
TIME-2 37.51 35.92 18.01 31.71 26.96 
TIME-3 39.93 36.18 18.69 32.29 28.20 
TIME-3 38.91 36.14 19.63 32.14 28.05 
TIME-3 38.96 35.25 18.46 31.98 27.72 
TIME-4 39.92 35.98 18.82 31.16 27.92 
TIME-4 37.72 35.93 18.91 31.82 27.98 
TIME-4 39.74 35.65 18.95 31.69 27.97 
TIME-5 38.35 35.33 18.41 31.84 28.53 
TIME-5 39.12 36.98 18.93 32.26 28.73 
TIME-5 39.39 35.97 18.52 31.81 28.22 
TIME-6 35.89 34.75 17.41 31.70 26.89 
TIME-6 36.04 33.60 17.63 32.08 26.82 
TIME-6 35.98 35.33 17.21 31.93 26.83 
TIME-7 38.99 45.00 17.64 29.98 24.34 
TIME-7 39.51 45.00 17.62 29.84 24.34 
TIME-7 39.12 45.00 17.55 29.85 24.55 
TIME-8 40.60 35.80 20.01 32.56 26.66 
TIME-8 49.70 38.99 19.82 31.55 26.10 
TIME-8 40.40 35.94 19.44 31.56 26.39 
TIME-9 40.70 34.62 17.82 31.95 28.91 
TIME-9 40.25 35.95 17.71 31.86 28.77 
TIME-9 40.95 35.74 17.47 32.68 28.84 
TIME-10 39.13 34.00 16.96 32.09 27.98 
TIME-10 38.97 33.61 16.92 32.22 28.08 
TIME-10 40.97 36.01 17.34 32.23 28.44 
TIME-11 43.71 38.16 17.76 33.75 29.39 
TIME-11 42.39 39.57 17.77 33.64 29.26 
TIME-11 42.31 38.21 17.56 33.41 29.33 
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TIME-12 45.00 42.75 19.64 31.49 24.96 
TIME-12 45.00 43.39 19.46 32.21 24.94 
TIME-12 45.00 41.36 19.41 32.16 24.98 
NC Undetermined Undetermined Undetermined Undetermined Undetermined 

 
B 3 mRNA expression showed in MDA-MB-231 cells 

Time CT (BMAL) CT  (GAPDH) CT (PER2) CT  (GAPDH) 
TIME-0 41.77 24.69 34.88 24.69 
TIME-0 40.96 24.42 36.00 24.42 
TIME-1 44.33 21.35 34.95 21.35 
TIME-1 41.82 21.74 34.35 21.74 
TIME-2 42.48 21.95 35.95 21.95 
TIME-2 39.99 21.82 34.32 21.82 
TIME-3 36.37 20.05 35.94 20.93 
TIME-3 36.66 20.00 37.74 20.87 
TIME-4 41.53 23.50 39.92 24.16 
TIME-4 42.11 23.36 40.33 23.99 
TIME-5 43.68 27.50 40.74 27.63 
TIME-5 42.24 27.46 41.14 27.59 
TIME-6 35.80 19.10 31.92 19.10 
TIME-6 35.56 19.03 31.92 19.03 
TIME-7 37.48 20.90 34.58 20.90 
TIME-7 39.54 20.93 34.93 20.93 
TIME-8 37.75 21.00 35.96 21.00 
TIME-8 36.08 20.81 35.99 20.81 
TIME-9 37.26 20.67 34.64 20.67 
TIME-9 36.93 20.97 34.94 20.97 
TIME-10 36.99 20.83 34.95 20.83 
TIME-10 36.77 20.92 35.36 20.92 
TIME-11 36.97 19.32 36.90 19.32 
TIME-11 37.77 19.96 37.51 19.96 
TIME-12 36.81 21.01 38.35 21.01 
TIME-12 35.95 20.54 38.07 20.54 
NC Undetermined Undetermined Undetermined Undetermined 
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B 4 mRNA expression showed in ZR-7530 cells 

Time CT (BMAL) CT  (GAPDH) CT (PER2) CT  (GAPDH) 
TIME-0 38.35 20.78 32.30 20.78 
TIME-0 38.12 20.53 31.70 20.53 
TIME-1 35.94 20.25 39.25 20.25 
TIME-1 35.96 19.85 40.45 19.85 
TIME-2 35.13 18.54 27.59 18.54 
TIME-2 35.24 18.21 27.67 18.21 
TIME-3 34.32 17.93 31.28 17.93 
TIME-3 34.00 17.94 31.36 17.94 
TIME-4 39.45 20.62 31.34 20.62 
TIME-4 41.09 20.11 31.01 20.11 
TIME-5 37.27 19.36 33.15 19.36 
TIME-5 37.49 19.27 33.40 19.27 
TIME-6 34.20 18.94 30.33 18.94 
TIME-6 34.45 18.85 30.52 18.85 
TIME-7 33.66 18.55 31.89 18.55 
TIME-7 34.21 18.42 31.84 18.42 
TIME-8 34.20 19.33 34.86 19.33 
TIME-8 34.21 19.23 34.20 19.23 
TIME-9 33.50 18.32 31.54 18.32 
TIME-9 33.88 18.27 31.90 18.27 
TIME-10 38.23 20.04 34.89 20.04 
TIME-10 37.41 20.11 34.68 20.11 
TIME-11 36.37 20.57 34.90 20.57 
TIME-11 36.66 20.48 34.52 20.48 
TIME-12 36.60 20.68 40.60 20.68 
TIME-12 36.03 20.31 39.99 20.31 

NC Undetermine
d 

Undetermine
d 

Undetermine
d 

Undetermine
d 
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B 5 mRNA expression showed in HC-1954 cells 

Time CT (BMAL) CT  (GAPDH) CT (PER2) CT  (GAPDH) 
TIME-0 37.99 22.85 38.08 22.85 
TIME-0 38.91 22.58 37.52 22.58 
TIME-1 35.56 19.87 35.95 19.87 
TIME-1 35.93 19.96 34.19 19.96 
TIME-2 33.98 18.59 31.87 18.59 
TIME-2 32.88 18.93 31.57 18.93 
TIME-3 34.94 18.87 33.27 18.87 
TIME-3 35.91 18.44 33.58 18.44 
TIME-4 34.96 19.69 33.75 19.69 
TIME-4 35.40 20.00 33.06 20.00 
TIME-5 34.94 19.35 33.71 19.35 
TIME-5 34.61 19.96 33.93 19.96 
TIME-6 35.93 18.60 34.95 18.60 
TIME-6 35.44 19.99 34.91 19.99 
TIME-7 34.58 18.91 33.66 18.91 
TIME-7 33.93 18.52 32.99 18.52 
TIME-8 31.96 19.30 31.50 19.30 
TIME-8 31.79 19.31 31.17 19.31 
TIME-9 32.93 19.30 33.18 19.30 
TIME-9 32.58 19.39 32.56 19.39 
TIME-10 33.94 19.46 32.39 19.46 
TIME-10 33.83 20.46 32.42 20.46 
NC Undetermine

d 
Undetermine

d 
Undetermine

d 
Undetermine

d 
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Appendix C 
 
Circadian Features of miRNAs obtained from cosine-fitting function 

C 6 Circadian features of the miRNA expression profiles from cosine-fitting function in MCF-10A. 

miRNA probe ID cosine 
correlation period phase amplitude cluster 

miR-1273e A_25_P00016226 0.837 0.241 1.122 0.16 1 
miR-191-3p A_25_P00010878 0.883 0.237 1.104 0.19 1 
miR-196b-3p A_25_P00015383 0.867 0.283 1.475 0.07 1 
miR-204-3p A_25_P00017403 0.830 0.289 0.753 0.06 1 
miR-20b-3p A_25_P00013574 0.842 0.248 0.891 0.16 1 
miR-23c A_25_P00016198 0.875 0.276 1.928 0.06 1 
miR-27b-5p A_25_P00013377 0.846 0.235 0.988 0.16 1 
miR-323b-5p A_25_P00012440 0.849 0.286 1.195 0.11 1 
miR-3622b-3p A_25_P00016091 0.895 0.257 0.658 0.06 1 
miR-3687 A_25_P00016033 0.823 0.237 1.654 0.08 1 
miR-3689f A_25_P00017126 0.821 0.233 2.284 0.06 1 
miR-3908 A_25_P00015990 0.829 0.274 0.341 0.08 1 
miR-4253 A_25_P00015539 0.830 0.269 0.149 0.08 1 
miR-4456 A_25_P00016281 0.894 0.245 1.128 0.09 1 
miR-4652-3p A_25_P00017178 0.841 0.254 1.396 0.13 1 
miR-4738-5p A_25_P00016564 0.824 0.255 1.077 0.11 1 
miR-548aa A_25_P00016262 0.850 0.270 1.065 0.07 1 

miR-548am-5p A_25_P00012797 0.894 0.272 0.537 0.09 1 
miR-548b-3p A_25_P00010122 0.828 0.240 1.190 0.08 1 
miR-552-3p A_25_P00011479 0.851 0.240 1.323 0.11 1 
miR-554 A_25_P00011289 0.916 0.249 0.834 0.08 1 
miR-5572 A_25_P00017423 0.847 0.280 1.529 0.08 1 
miR-5581-3p A_25_P00017621 0.892 0.227 1.201 0.05 1 
miR-760 A_25_P00013023 0.934 0.300 0.005 0.05 1 
miR-10a-3p A_25_P00013300 0.872 0.278 -0.176 0.08 2 
miR-133a-3p A_25_P00012167 0.830 0.239 0.496 0.06 2 
miR-216b-5p A_25_P00013029 0.835 0.232 0.740 0.08 2 
miR-3147 A_25_P00015806 0.964 0.275 -0.068 0.07 2 
miR-3169 A_25_P00015687 0.958 0.269 0.158 0.1 2 
miR-34c-3p A_25_P00012289 0.902 0.257 0.414 0.11 2 
miR-3687 A_25_P00016032 0.881 0.232 0.792 0.05 2 
miR-374b-3p A_25_P00013680 0.909 0.270 -0.343 0.12 2 



 
Appendix  92 
 
 
 
  

92 
 

miR-4309 A_25_P00015857 0.931 0.229 0.102 0.11 2 
miR-432-3p A_25_P00010355 0.914 0.252 0.122 0.06 2 
miR-4529-5p A_25_P00017271 0.973 0.225 0.892 0.14 2 
miR-4724-3p A_25_P00016410 0.837 0.235 0.786 0.05 2 
miR-4795-3p A_25_P00016548 0.917 0.251 0.441 0.1 2 
miR-503-5p A_25_P00010658 0.844 0.282 -0.268 0.08 2 
miR-519e-3p A_25_P00012524 0.995 0.226 0.666 0.11 2 
miR-5580-3p A_25_P00017645 0.971 0.262 0.027 0.07 2 
miR-5692b A_25_P00017386 0.911 0.257 0.272 0.11 2 
miR-6082 A_25_P00017900 0.852 0.252 0.302 0.05 2 
miR-647 A_25_P00011370 0.930 0.296 -0.447 0.2 2 
miR-873-5p A_25_P00013008 0.837 0.289 0.008 0.19 2 
miR-1271-5p A_25_P00015043 0.928 0.242 -0.252 0.09 3 
miR-150-5p A_25_P00014847 0.884 0.299 -1.240 0.16 3 
miR-20a-3p A_25_P00013170 0.942 0.276 -0.940 0.06 3 
miR-297 A_25_P00013108 0.970 0.258 -0.566 0.09 3 
miR-3137 A_25_P00015538 0.969 0.248 -0.737 0.06 3 
miR-3166 A_25_P00015802 0.882 0.290 -0.860 0.07 3 
miR-3178 A_25_P00015670 0.845 0.229 0.148 0.09 3 
miR-3617-5p A_25_P00016108 0.860 0.274 -0.513 0.11 3 
miR-383-5p A_25_P00010384 0.838 0.280 -0.671 0.07 3 
miR-4633-3p A_25_P00017193 0.824 0.299 -1.091 0.06 3 
miR-4652-5p A_25_P00017075 0.854 0.259 -0.085 0.05 3 
miR-4673 A_25_P00017120 0.906 0.278 -0.664 0.08 3 
miR-4695-5p A_25_P00016742 0.832 0.287 -0.659 0.08 3 
miR-509-3p A_25_P00012678 0.852 0.255 0.062 0.05 3 
miR-548a-3p A_25_P00014240 0.894 0.294 -1.183 0.18 3 
miR-5683 A_25_P00017565 0.980 0.243 -0.068 0.08 3 
miR-6072 A_25_P00017833 0.839 0.274 -0.872 0.05 3 
miR-615-3p A_25_P00012788 0.839 0.258 -0.444 0.16 3 
miR-657 A_25_P00011359 0.842 0.296 -1.090 0.24 3 
miR-888-3p A_25_P00013661 0.885 0.296 -1.024 0.06 3 
miR-888-5p A_25_P00012939 0.892 0.268 -0.207 0.12 3 
miR-9-5p A_25_P00011003 0.846 0.253 -1.001 0.06 3 
miR-942-5p A_25_P00013097 0.919 0.280 -0.897 0.08 3 
dmr_285   0.842 0.280 -1.603 0.06 4 

miR-2277-5p A_25_P00016164 0.833 0.293 -1.733 0.07 4 
miR-27a-5p A_25_P00013203 0.986 0.241 -0.945 0.16 4 
miR-3607-3p A_25_P00016097 0.822 0.275 -1.539 0.06 4 
miR-3935 A_25_P00016203 0.881 0.239 -1.200 0.09 4 
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miR-450b-5p A_25_P00012908 0.924 0.280 -1.607 0.07 4 
miR-4746-3p A_25_P00017145 0.872 0.295 -1.246 0.08 4 
miR-548m A_25_P00015184 0.847 0.241 -0.873 0.08 4 
miR-589-5p A_25_P00012761 0.860 0.272 -1.203 0.06 4 
miR-6511a-5p A_25_P00017819 0.956 0.291 -1.880 0.08 4 
miR-6715b-5p A_25_P00017971 0.853 0.254 -1.332 0.08 4 
miR-889-3p A_25_P00012949 0.835 0.239 -0.937 0.17 4 
miR-944 A_25_P00013105 0.927 0.233 -1.170 0.16 4 
let-7g-3p A_25_P00013362 0.974 0.261 -2.109 0.07 5 
miR-1269b A_25_P00016688 0.821 0.261 -1.987 0.08 5 
miR-140-3p A_25_P00012176 0.914 0.260 -2.683 0.05 5 
miR-141-5p A_25_P00013414 0.826 0.266 -2.300 0.23 5 
miR-193a-3p A_25_P00012258 0.952 0.234 -1.737 0.12 5 
miR-222-5p A_25_P00013351 0.916 0.258 -2.284 0.08 5 
miR-224-3p A_25_P00015401 0.837 0.281 -2.386 0.09 5 
miR-301a-5p A_25_P00017444 0.830 0.252 -2.386 0.08 5 
miR-302b-3p A_25_P00010618 0.853 0.267 -2.071 0.16 5 
miR-3129-3p A_25_P00016905 0.829 0.263 -1.639 0.12 5 
miR-3152-3p A_25_P00015884 0.897 0.247 -1.536 0.05 5 
miR-330-5p A_25_P00012346 0.857 0.231 -1.614 0.05 5 
miR-3615 A_25_P00016166 0.926 0.226 -1.627 0.06 5 
miR-363-3p A_25_P00010953 0.860 0.230 -1.793 0.06 5 
miR-3681-5p A_25_P00016174 0.853 0.257 -1.663 0.06 5 
miR-3942-3p A_25_P00016582 0.855 0.270 -2.587 0.11 5 
miR-3973 A_25_P00016792 0.864 0.234 -1.318 0.06 5 
miR-4286 A_25_P00015773 0.923 0.251 -2.734 0.27 5 
miR-4511 A_25_P00016505 0.837 0.271 -2.782 0.07 5 
miR-4697-5p A_25_P00016630 0.904 0.279 -2.331 0.05 5 
miR-4760-5p A_25_P00016788 0.884 0.251 -2.418 0.13 5 
miR-4766-5p A_25_P00016303 0.840 0.291 -2.645 0.07 5 
miR-4804-3p A_25_P00017321 0.836 0.289 -2.540 0.07 5 
miR-515-5p A_25_P00010499 0.835 0.251 -2.071 0.12 5 
miR-548ay-3p A_25_P00017966 0.942 0.284 -2.360 0.05 5 
miR-5572 A_25_P00017424 0.992 0.238 -1.505 0.05 5 
miR-766-3p A_25_P00011410 0.863 0.236 -1.501 0.11 5 
miR-891a-5p A_25_P00012881 0.831 0.266 -1.823 0.12 5 
miR-921 A_25_P00013042 0.880 0.225 -1.570 0.08 5 
miR-127-5p A_25_P00012219 0.929 0.252 -2.529 0.07 6 
miR-129-5p A_25_P00013880 0.951 0.238 -2.271 0.06 6 
miR-132-5p A_25_P00013400 0.879 0.232 -1.832 0.05 6 
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miR-181b-5p A_25_P00012089 0.821 0.225 -2.917 0.07 6 
miR-200a-5p A_25_P00011010 0.859 0.250 -2.114 0.07 6 
miR-212-3p A_25_P00010854 0.827 0.226 -2.944 0.12 6 
miR-29a-5p A_25_P00013209 0.871 0.285 3.142 0.05 6 
miR-3177-5p A_25_P00016485 0.860 0.245 -3.142 0.06 6 
miR-3202 A_25_P00015596 0.888 0.278 -2.608 0.06 6 
miR-324-5p A_25_P00010153 0.863 0.264 -2.810 0.05 6 
miR-34a-3p A_25_P00013311 0.919 0.239 -2.585 0.09 6 
miR-3612 A_25_P00016230 0.849 0.224 -3.142 0.12 6 
miR-3619-5p A_25_P00016183 0.957 0.235 -2.010 0.14 6 
miR-367-3p A_25_P00010985 0.902 0.238 -2.295 0.08 6 
miR-3674 A_25_P00016190 0.872 0.260 -2.534 0.06 6 
miR-371a-3p A_25_P00013992 0.864 0.279 3.138 0.07 6 
miR-3939 A_25_P00016163 0.821 0.270 2.929 0.05 6 
miR-3978 A_25_P00016369 0.847 0.295 -2.352 0.09 6 
miR-4254 A_25_P00015728 0.881 0.280 2.619 0.12 6 
miR-4432 A_25_P00016498 0.885 0.289 -2.494 0.06 6 
miR-4440 A_25_P00016616 0.832 0.290 2.781 0.06 6 
miR-4498 A_25_P00016649 0.842 0.242 -2.719 0.05 6 
miR-4652-3p A_25_P00017179 0.866 0.248 -2.467 0.09 6 
miR-4723-5p A_25_P00017205 0.887 0.258 -2.245 0.05 6 
miR-4803 A_25_P00017101 0.854 0.277 3.089 0.08 6 
miR-5006-3p A_25_P00017548 0.929 0.236 -3.142 0.07 6 
miR-501-3p A_25_P00012640 0.853 0.295 -3.075 0.09 6 
miR-548au-5p A_25_P00017584 0.836 0.254 -3.032 0.07 6 
miR-548b-5p A_25_P00012756 0.933 0.269 -2.969 0.11 6 
miR-5588-3p A_25_P00017615 0.852 0.256 -2.407 0.06 6 
miR-646 A_25_P00011963 0.845 0.245 -2.894 0.18 6 

miR-891a-5p A_25_P00012882 0.936 0.262 -2.305 0.07 6 
miR-943 A_25_P00013101 0.945 0.238 -1.906 0.06 6 
miR-98-3p A_25_P00017910 0.849 0.274 2.601 0.05 6 

 
 
 
 
 
 
 
C 7 Circadian features of the miRNA expression profiles from cosine-fitting function in MCF-7. 

11 agilent probe ID cosine 
correlation 

period phase amplitude cluster 
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miR-10a-3p A_25_P00013302 0.828 0.241 1.026 0.13 1 
miR-1185-1-3p A_25_P00017447 0.943 0.237 2.010 0.08 1 
miR-1207-5p A_25_P00015088 0.825 0.224 2.131 0.11 1 
miR-1225-5p A_25_P00014920 0.949 0.225 1.879 0.23 1 
miR-1234-5p A_25_P00017828 0.842 0.281 1.922 0.4 1 
miR-1299 A_25_P00015122 0.863 0.275 0.921 0.08 1 
miR-28-3p A_25_P00012006 0.846 0.258 0.947 0.12 1 
miR-3121-3p A_25_P00015873 0.837 0.248 1.300 0.06 1 
miR-3165 A_25_P00015847 0.888 0.265 1.253 0.07 1 
miR-320e A_25_P00015664 0.859 0.293 0.493 0.08 1 
miR-3620-3p A_25_P00016148 0.863 0.226 1.737 0.07 1 
miR-378j A_25_P00017982 0.847 0.281 1.183 0.09 1 

miR-3928-3p A_25_P00016175 0.880 0.253 2.115 0.05 1 
miR-4294 A_25_P00015651 0.902 0.268 1.844 0.05 1 
miR-4472 A_25_P00016275 0.877 0.253 1.407 0.09 1 
miR-4507 A_25_P00016700 0.911 0.248 1.795 0.28 1 
miR-4530 A_25_P00016774 0.921 0.224 2.208 0.38 1 
miR-4534 A_25_P00016446 0.836 0.290 1.840 0.18 1 
miR-4639-3p A_25_P00016894 0.882 0.234 1.641 0.05 1 
miR-4672 A_25_P00017202 0.831 0.237 1.962 0.44 1 
miR-4699-3p A_25_P00016970 0.826 0.261 2.418 0.09 1 
miR-4701-3p A_25_P00016366 0.922 0.243 1.161 0.05 1 
miR-4712-3p A_25_P00016524 0.952 0.281 1.734 0.09 1 
miR-4725-5p A_25_P00017000 0.894 0.297 0.678 0.05 1 
miR-4764-3p A_25_P00016695 0.861 0.243 1.425 0.06 1 
miR-4787-5p A_25_P00016992 0.831 0.274 1.320 0.07 1 
miR-4793-5p A_25_P00016728 0.864 0.239 0.989 0.06 1 
miR-548b-5p A_25_P00012756 0.840 0.266 1.278 0.12 1 
miR-549a A_25_P00010365 0.901 0.249 1.333 0.12 1 
miR-562 A_25_P00011389 0.897 0.269 0.737 0.16 1 
miR-6087 A_25_P00017892 0.837 0.255 2.388 0.49 1 
miR-764 A_25_P00015440 0.834 0.262 1.129 0.07 1 
miR-940 A_25_P00013090 0.833 0.299 0.606 0.05 1 
miR-10a-3p A_25_P00013301 0.898 0.253 0.326 0.08 2 
miR-1206 A_25_P00015086 0.827 0.276 0.096 0.09 2 
miR-1238-5p A_25_P00017772 0.838 0.279 0.128 0.06 2 
miR-127-5p A_25_P00012221 0.865 0.299 -0.246 0.1 2 
miR-1304-3p A_25_P00017635 0.839 0.235 0.832 0.08 2 
miR-188-5p A_25_P00012246 0.852 0.294 0.406 0.07 2 
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miR-2116-3p A_25_P00015463 0.832 0.261 0.565 0.11 2 
miR-222-3p A_25_P00012126 0.854 0.294 -0.450 0.19 2 
miR-3185 A_25_P00015654 0.918 0.263 0.336 0.1 2 
miR-335-3p A_25_P00013557 0.948 0.275 0.138 0.05 2 
miR-3944-5p A_25_P00017159 0.829 0.254 0.206 0.07 2 
miR-4313 A_25_P00015772 0.837 0.261 0.375 0.06 2 
miR-452-3p A_25_P00013583 0.890 0.235 0.323 0.07 2 
miR-4520-2-3p A_25_P00016398 0.890 0.287 -0.112 0.05 2 
miR-4529-5p A_25_P00017271 0.864 0.269 0.458 0.05 2 
miR-4723-5p A_25_P00017205 0.867 0.233 0.535 0.08 2 
miR-5047 A_25_P00016399 0.845 0.253 0.567 0.1 2 
miR-525-3p A_25_P00012549 0.896 0.234 0.684 0.07 2 
miR-548x-3p A_25_P00016860 0.964 0.240 0.613 0.06 2 
miR-550a-5p A_25_P00012768 0.909 0.240 0.810 0.18 2 
miR-554 A_25_P00011288 0.853 0.250 0.665 0.18 2 
miR-5704 A_25_P00017598 0.870 0.256 0.662 0.08 2 
miR-708-3p A_25_P00013671 0.865 0.297 -0.090 0.09 2 
miR-744-3p A_25_P00013675 0.879 0.260 0.519 0.24 2 
miR-876-5p A_25_P00012961 0.831 0.234 1.041 0.12 2 
miR-935 A_25_P00013071 0.825 0.285 -0.272 0.09 2 
miR-1262 A_25_P00015178 0.950 0.233 -0.215 0.05 3 

miR-129-1-3p A_25_P00013277 0.893 0.262 -0.846 0.06 3 
miR-1295b-3p A_25_P00017728 0.891 0.300 -1.082 0.06 3 
miR-181d-5p A_25_P00012514 0.823 0.289 -0.820 0.11 3 
miR-191-5p A_25_P00012203 0.837 0.296 -1.556 0.08 3 
miR-203b-3p A_25_P00017122 0.939 0.243 -0.070 0.05 3 
miR-219b-5p A_25_P00016753 0.935 0.293 -0.609 0.08 3 
miR-222-5p A_25_P00013351 0.979 0.252 -0.427 0.07 3 
miR-3123 A_25_P00015736 0.871 0.276 -1.069 0.05 3 
miR-3182 A_25_P00015725 0.888 0.268 -0.476 0.09 3 
miR-32-5p A_25_P00012021 0.899 0.257 -1.006 0.12 3 

miR-3622a-3p A_25_P00016014 0.854 0.245 -0.612 0.08 3 
miR-367-3p A_25_P00010984 0.867 0.284 -1.240 0.07 3 
miR-412-3p A_25_P00010266 0.869 0.252 -0.311 0.16 3 
miR-4427 A_25_P00016416 0.938 0.281 -1.257 0.08 3 
miR-4429 A_25_P00016765 0.923 0.283 -1.753 0.07 3 
miR-4433-5p A_25_P00017390 0.866 0.273 -0.553 0.05 3 
miR-4441 A_25_P00017055 0.987 0.234 -0.543 0.05 3 
miR-4643 A_25_P00017260 0.827 0.274 -0.635 0.08 3 
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miR-4743-5p A_25_P00016575 0.884 0.260 -0.490 0.08 3 
miR-4764-5p A_25_P00016450 0.821 0.282 -1.015 0.11 3 
miR-4769-3p A_25_P00017011 0.836 0.273 -1.318 0.1 3 
miR-4786-5p A_25_P00016997 0.924 0.300 -1.906 0.05 3 
miR-499b-5p A_25_P00017168 0.862 0.290 -0.732 0.08 3 
miR-542-5p A_25_P00012858 0.879 0.293 -0.878 0.07 3 
miR-548az-5p A_25_P00017868 0.951 0.280 -0.900 0.08 3 
miR-551a A_25_P00011473 0.941 0.239 -0.694 0.07 3 
miR-551a A_25_P00011638 0.953 0.254 -0.527 0.09 3 
miR-553 A_25_P00011219 0.825 0.294 -1.794 0.12 3 
miR-556-3p A_25_P00012717 0.919 0.266 -0.864 0.08 3 
miR-614 A_25_P00010535 0.867 0.223 -0.231 0.09 3 
miR-628-5p A_25_P00012814 0.838 0.297 -1.093 0.07 3 
miR-6505-3p A_25_P00017858 0.930 0.256 -0.853 0.1 3 
miR-106b-3p A_25_P00013479 0.846 0.281 -1.044 0.13 4 
miR-1184 A_25_P00015066 0.910 0.276 -1.799 0.06 4 
miR-1225-3p A_25_P00014924 0.884 0.245 -0.967 0.1 4 
miR-1236-3p A_25_P00014955 0.955 0.267 -1.833 0.09 4 
miR-1236-3p A_25_P00014956 0.879 0.261 -1.480 0.09 4 
miR-155-3p A_25_P00013471 0.899 0.262 -1.900 0.07 4 
miR-16-1-3p A_25_P00013145 0.890 0.270 -1.836 0.07 4 
miR-191-5p A_25_P00012202 0.883 0.269 -1.784 0.17 4 
miR-223-5p A_25_P00013355 0.834 0.224 -0.963 0.08 4 
miR-302d-5p A_25_P00013516 0.853 0.279 -1.706 0.13 4 
miR-30b-3p A_25_P00013381 0.832 0.280 -1.961 0.06 4 
miR-30c-2-3p A_25_P00013287 0.919 0.297 -2.394 0.05 4 
miR-32-3p A_25_P00013217 0.958 0.241 -1.072 0.08 4 
miR-363-5p A_25_P00010043 0.922 0.263 -1.348 0.09 4 
miR-3908 A_25_P00015990 0.877 0.253 -0.824 0.08 4 
miR-4419a A_25_P00017190 0.830 0.231 -1.450 0.07 4 
miR-4537 A_25_P00016657 0.908 0.253 -1.535 0.14 4 
miR-4663 A_25_P00016419 0.878 0.256 -1.388 0.06 4 
miR-5089-5p A_25_P00017582 0.827 0.228 -1.517 0.1 4 
miR-518c-5p A_25_P00012559 0.948 0.245 -0.972 0.06 4 
miR-548ae-3p A_25_P00017682 0.879 0.280 -1.601 0.11 4 
miR-548at-5p A_25_P00017425 0.929 0.266 -1.833 0.09 4 
miR-5584-3p A_25_P00017368 0.955 0.257 -1.430 0.05 4 
miR-610 A_25_P00011025 0.836 0.255 -1.451 0.13 4 
miR-620 A_25_P00010450 0.854 0.236 -0.977 0.06 4 
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miR-769-3p A_25_P00011231 0.962 0.223 -1.144 0.16 4 
miR-892c-3p A_25_P00017937 0.923 0.269 -1.593 0.11 4 
miR-105-5p A_25_P00012041 0.847 0.246 -1.730 0.09 5 
miR-1273c A_25_P00015723 0.830 0.223 -1.123 0.1 5 
miR-138-1-3p A_25_P00013440 0.892 0.240 -1.702 0.16 5 
miR-152-3p A_25_P00012196 0.880 0.249 -2.018 0.07 5 
miR-187-5p A_25_P00013327 0.929 0.235 -1.825 0.09 5 
miR-193b-5p A_25_P00013597 0.899 0.262 -2.359 0.08 5 
miR-202-3p A_25_P00014864 0.825 0.224 -1.848 0.05 5 
miR-206 A_25_P00010528 0.928 0.236 -1.863 0.07 5 
miR-27b-5p A_25_P00013378 0.861 0.235 -1.484 0.21 5 
miR-302b-3p A_25_P00010618 0.925 0.249 -1.929 0.07 5 
miR-3132 A_25_P00015821 0.822 0.238 -1.781 0.07 5 
miR-320a A_25_P00012262 0.926 0.254 -2.209 0.05 5 

miR-3622b-5p A_25_P00016219 0.837 0.235 -1.291 0.06 5 
miR-3650 A_25_P00016185 0.860 0.281 -2.343 0.05 5 
miR-3654 A_25_P00016268 0.864 0.227 -1.210 0.05 5 
miR-3660 A_25_P00016217 0.824 0.235 -1.818 0.09 5 
miR-3688-3p A_25_P00016048 0.870 0.226 -1.298 0.1 5 
miR-4262 A_25_P00015626 0.892 0.241 -1.559 0.05 5 
miR-4304 A_25_P00015850 0.928 0.226 -1.853 0.1 5 
miR-4447 A_25_P00016283 0.916 0.265 -1.676 0.06 5 
miR-4483 A_25_P00016607 0.824 0.295 -2.363 0.09 5 
miR-4499 A_25_P00017132 0.831 0.233 -1.811 0.06 5 
miR-4724-5p A_25_P00016749 0.854 0.256 -2.459 0.08 5 
miR-4758-5p A_25_P00016654 0.847 0.243 -2.269 0.06 5 
miR-4774-5p A_25_P00017266 0.874 0.227 -1.906 0.08 5 
miR-4789-5p A_25_P00016661 0.846 0.277 -2.067 0.14 5 
miR-488-5p A_25_P00014633 0.950 0.248 -2.090 0.05 5 
miR-548ab A_25_P00016460 0.894 0.241 -1.904 0.09 5 
miR-548ae-3p A_25_P00017681 0.842 0.252 -2.102 0.16 5 
miR-551b-5p A_25_P00013620 0.914 0.268 -2.335 0.05 5 
miR-5588-5p A_25_P00017336 0.902 0.270 -2.352 0.05 5 
miR-569 A_25_P00010313 0.882 0.227 -1.268 0.09 5 

miR-6499-5p A_25_P00017751 0.861 0.266 -1.897 0.06 5 
miR-660-5p A_25_P00010459 0.855 0.293 -2.955 0.09 5 
miR-664a-3p A_25_P00015251 0.887 0.291 -2.336 0.06 5 
miR-99a-5p A_25_P00010471 0.913 0.273 -2.390 0.07 5 
miR-1179 A_25_P00015056 0.899 0.263 -2.990 0.05 6 
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miR-1228-5p A_25_P00015006 0.910 0.240 -2.358 0.07 6 
miR-1269b A_25_P00016688 0.982 0.273 -2.827 0.05 6 
miR-1468-5p A_25_P00015296 0.905 0.271 -3.142 0.05 6 
miR-148a-5p A_25_P00013281 0.942 0.273 -2.902 0.06 6 
miR-3115 A_25_P00015534 0.831 0.244 -2.415 0.06 6 
miR-3156-3p A_25_P00016435 0.882 0.249 -2.723 0.05 6 
miR-3615 A_25_P00016166 0.859 0.248 -3.065 0.07 6 
miR-363-5p A_25_P00010041 0.838 0.263 -3.003 0.08 6 
miR-4804-3p A_25_P00017320 0.860 0.300 2.979 0.1 6 
miR-483-5p A_25_P00012459 0.858 0.277 2.279 0.05 6 
miR-5190 A_25_P00017704 0.926 0.224 -2.994 0.06 6 
miR-5197-3p A_25_P00017465 0.926 0.232 -2.150 0.05 6 
miR-526b-3p A_25_P00010784 0.835 0.237 -2.798 0.08 6 
miR-548at-5p A_25_P00017427 0.890 0.247 -2.477 0.09 6 
miR-548ay-3p A_25_P00017966 0.916 0.234 -2.554 0.07 6 
miR-548h-3p A_25_P00016243 0.841 0.268 3.142 0.05 6 
miR-548i A_25_P00015225 0.937 0.277 -2.788 0.07 6 

miR-5586-5p A_25_P00017601 0.840 0.299 2.702 0.08 6 
miR-570-3p A_25_P00012721 0.891 0.225 -2.360 0.07 6 
miR-580-3p A_25_P00011353 0.877 0.297 2.246 0.08 6 
miR-581 A_25_P00011283 0.839 0.256 -2.931 0.06 6 
miR-6083 A_25_P00017802 0.926 0.292 2.390 0.07 6 
miR-6128 A_25_P00017984 0.896 0.261 -2.655 0.09 6 
miR-617 A_25_P00010772 0.836 0.294 3.142 0.1 6 
miR-626 A_25_P00011235 0.945 0.291 2.518 0.1 6 

miR-6500-3p A_25_P00017878 0.878 0.292 2.543 0.06 6 
miR-759 A_25_P00015466 0.930 0.262 -2.663 0.06 6 

 

 
C 8 Circadian features of the miRNA expression profiles from cosine-fitting function in MDA-MB-

231. 

miRNA agilent-code cosine 
correlation 

period phase amplitude cluster 

miR-3674 A_25_P00016190 0.856 0.238 1.670 0.11 1 
miR-3910 A_25_P00016263 0.841 0.262 1.549 0.06 1 
miR-4300 A_25_P00015719 0.832 0.296 0.634 0.09 1 
miR-4654 A_25_P00016684 0.844 0.232 1.540 0.09 1 
miR-4697-5p A_25_P00016631 0.875 0.251 1.603 0.1 1 
miR-4724-3p A_25_P00016409 0.953 0.300 1.758 0.07 1 
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miR-503-5p A_25_P00010657 0.913 0.283 1.904 0.07 1 
miR-544b A_25_P00015881 0.934 0.278 1.400 0.06 1 
miR-548b-3p A_25_P00010124 0.883 0.226 -3.142 0.07 1 
miR-5583-5p A_25_P00017479 0.871 0.233 1.240 0.14 1 
miR-5688 A_25_P00017617 0.822 0.294 1.647 0.05 1 
miR-6515-5p A_25_P00017867 0.835 0.242 1.629 0.06 1 
let-7b-3p A_25_P00013118 0.957 0.278 0.435 0.1 2 
miR-124-5p A_25_P00013389 0.857 0.259 0.552 0.07 2 
miR-142-3p A_25_P00013937 0.827 0.230 1.382 0.05 2 
miR-150-5p A_25_P00010490 0.849 0.257 1.395 0.05 2 
miR-23a-5p A_25_P00013182 0.897 0.229 0.697 0.12 2 
miR-28-3p A_25_P00012007 0.886 0.279 0.669 0.16 2 
miR-3195 A_25_P00015499 0.921 0.228 1.634 0.05 2 
miR-325 A_25_P00010180 0.862 0.299 0.498 0.12 2 
miR-3656 A_25_P00016105 0.906 0.280 0.423 0.06 2 

miR-376a-2-5p A_25_P00017745 0.866 0.260 0.806 0.09 2 
miR-4252 A_25_P00015871 0.896 0.255 0.965 0.1 2 
miR-4467 A_25_P00016337 0.942 0.295 -0.013 0.09 2 
miR-4693-3p A_25_P00016299 0.837 0.240 1.195 0.07 2 
miR-4786-3p A_25_P00016918 0.845 0.241 1.000 0.05 2 
miR-520a-3p A_25_P00014113 0.857 0.245 1.089 0.05 2 
miR-611 A_25_P00010903 0.853 0.272 0.468 0.11 2 
miR-615-5p A_25_P00012787 0.825 0.286 0.357 0.14 2 
miR-658 A_25_P00011946 0.887 0.239 0.757 0.09 2 
dmr_316  0.951 0.271 -0.389 0.06 3 
mr_1  0.919 0.290 -0.184 0.13 3 

miR-1-3p A_25_P00012150 0.982 0.287 -0.624 0.09 3 
miR-101-5p A_25_P00013250 0.842 0.272 -0.858 0.09 3 
miR-1237-5p A_25_P00017824 0.950 0.234 0.600 0.09 3 
miR-182-3p A_25_P00010966 0.925 0.273 0.045 0.06 3 
miR-183-3p A_25_P00013323 0.858 0.248 0.523 0.14 3 
miR-185-3p A_25_P00013457 0.952 0.297 -1.154 0.18 3 
miR-1976 A_25_P00015365 0.910 0.277 -1.279 0.06 3 
miR-219b-5p A_25_P00016753 0.911 0.244 0.464 0.08 3 
miR-2276-3p A_25_P00015447 0.948 0.294 -0.442 0.08 3 
miR-2277-3p A_25_P00015459 0.969 0.274 -0.013 0.1 3 
miR-23a-5p A_25_P00013181 0.941 0.290 -0.847 0.11 3 
miR-25-5p A_25_P00013191 0.827 0.236 -0.139 0.11 3 
miR-2681-3p A_25_P00017021 0.964 0.280 0.119 0.07 3 
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miR-3120-3p A_25_P00015853 0.857 0.297 -0.398 0.07 3 
miR-3171 A_25_P00015735 0.946 0.249 0.068 0.08 3 
miR-3194-3p A_25_P00016421 0.878 0.272 -0.491 0.05 3 
miR-33b-3p A_25_P00013651 0.957 0.295 -0.861 0.05 3 
miR-376c-3p A_25_P00012316 0.889 0.299 -0.232 0.07 3 
miR-3974 A_25_P00016911 0.874 0.282 -0.255 0.07 3 

miR-4659b-3p A_25_P00016492 0.874 0.263 0.039 0.12 3 
miR-4744 A_25_P00016662 0.917 0.269 -0.427 0.07 3 
miR-491-3p A_25_P00012485 0.832 0.228 0.747 0.08 3 
miR-499b-5p A_25_P00017168 0.930 0.269 -1.066 0.08 3 
miR-502-3p A_25_P00012647 0.924 0.273 -0.442 0.07 3 
miR-5093 A_25_P00017613 0.827 0.274 0.133 0.08 3 
miR-541-5p A_25_P00013667 0.886 0.276 -0.136 0.1 3 
miR-548h-5p A_25_P00015208 0.873 0.266 -0.006 0.06 3 
miR-564 A_25_P00010786 0.893 0.282 -0.112 0.07 3 
miR-5683 A_25_P00017565 0.885 0.230 0.964 0.09 3 
miR-5685 A_25_P00017506 0.923 0.236 0.169 0.06 3 
miR-5686 A_25_P00017376 0.833 0.290 -1.201 0.11 3 
miR-573 A_25_P00011618 0.921 0.252 0.238 0.05 3 
miR-607 A_25_P00010935 0.863 0.235 0.534 0.11 3 

miR-6501-3p A_25_P00017756 0.840 0.268 -0.938 0.16 3 
miR-892b A_25_P00012942 0.872 0.279 -0.093 0.1 3 
miR-940 A_25_P00013090 0.913 0.283 -0.254 0.15 3 
miR-1204 A_25_P00015082 0.923 0.275 -1.211 0.08 4 
miR-1258 A_25_P00015167 0.950 0.254 -1.360 0.12 4 
miR-1273a A_25_P00015203 0.914 0.270 -1.739 0.07 4 
miR-141-5p A_25_P00013413 0.875 0.299 -1.577 0.08 4 
miR-187-5p A_25_P00013327 0.824 0.261 -1.404 0.13 4 
miR-223-5p A_25_P00013355 0.839 0.253 -1.416 0.22 4 
miR-3157-5p A_25_P00015563 0.826 0.231 -1.140 0.08 4 
miR-33b-5p A_25_P00012824 0.852 0.281 -1.534 0.07 4 
miR-362-5p A_25_P00013984 0.870 0.229 -1.220 0.06 4 
miR-3660 A_25_P00016217 0.922 0.285 -1.845 0.07 4 
miR-3925-5p A_25_P00016056 0.824 0.259 -1.008 0.14 4 
miR-4423-5p A_25_P00016909 0.862 0.277 -1.804 0.07 4 
miR-449b-5p A_25_P00010776 0.932 0.293 -1.502 0.12 4 
miR-4652-3p A_25_P00017179 0.943 0.238 -0.728 0.07 4 
miR-4725-3p A_25_P00016713 0.862 0.258 -1.695 0.06 4 
miR-4742-3p A_25_P00016821 0.853 0.283 -1.502 0.08 4 
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miR-4787-3p A_25_P00016945 0.944 0.262 -1.616 0.12 4 
miR-4802-5p A_25_P00016308 0.872 0.248 -0.937 0.1 4 
miR-495-3p A_25_P00012507 0.961 0.287 -1.767 0.1 4 
miR-499a-3p A_25_P00012626 0.843 0.240 -1.120 0.1 4 
miR-505-3p A_25_P00012654 0.875 0.238 -1.241 0.06 4 
miR-512-3p A_25_P00010710 0.924 0.272 -1.640 0.05 4 
miR-567 A_25_P00010942 0.914 0.272 -1.688 0.07 4 
miR-590-5p A_25_P00014257 0.855 0.244 -1.025 0.1 4 
miR-101-5p A_25_P00014977 0.853 0.234 -1.844 0.13 5 
miR-124-3p A_25_P00014839 0.979 0.267 -2.116 0.06 5 
miR-17-5p A_25_P00011991 0.987 0.247 -2.122 0.17 5 
miR-193b-3p A_25_P00012512 0.848 0.277 -2.529 0.09 5 
miR-196a-5p A_25_P00012052 0.849 0.279 -2.288 0.08 5 
miR-19b-2-5p A_25_P00013164 0.828 0.248 -1.705 0.12 5 
miR-30c-5p A_25_P00013883 0.821 0.284 -2.177 0.17 5 
miR-3119 A_25_P00015746 0.968 0.249 -1.737 0.15 5 
miR-3675-5p A_25_P00016157 0.895 0.255 -2.528 0.05 5 
miR-3689f A_25_P00017126 0.932 0.258 -2.472 0.08 5 
miR-4308 A_25_P00015502 0.857 0.287 -2.148 0.06 5 
miR-452-3p A_25_P00013583 0.954 0.231 -1.965 0.07 5 
miR-4520-5p A_25_P00017309 0.847 0.265 -2.470 0.06 5 
miR-4531 A_25_P00017111 0.828 0.258 -2.300 0.07 5 
miR-4684-5p A_25_P00017088 0.823 0.274 -1.832 0.1 5 
miR-4700-3p A_25_P00016640 0.922 0.251 -1.639 0.06 5 
miR-4768-3p A_25_P00016594 0.979 0.282 -2.164 0.08 5 
miR-486-3p A_25_P00012469 0.846 0.272 -2.130 0.07 5 
miR-532-5p A_25_P00014179 0.911 0.284 -2.879 0.07 5 
miR-548at-5p A_25_P00017425 0.861 0.266 -2.005 0.14 5 
miR-5584-5p A_25_P00017674 0.946 0.243 -1.872 0.05 5 
miR-571 A_25_P00010633 0.933 0.274 -2.086 0.1 5 
miR-6081 A_25_P00017906 0.868 0.252 -1.631 0.09 5 
miR-6128 A_25_P00017983 0.912 0.261 -1.958 0.06 5 
miR-6165 A_25_P00017841 0.962 0.267 -2.139 0.08 5 
miR-619-3p A_25_P00011293 0.891 0.260 -2.039 0.12 5 
miR-769-3p A_25_P00011231 0.915 0.229 -1.591 0.12 5 
miR-942-5p A_25_P00013098 0.856 0.261 -1.641 0.1 5 
miR-106b-5p A_25_P00010434 0.828 0.260 -2.722 0.29 6 
miR-130b-5p A_25_P00013503 0.946 0.283 -2.981 0.09 6 
miR-18a-3p A_25_P00013155 0.848 0.291 3.142 0.16 6 
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miR-196b-5p A_25_P00012412 0.821 0.262 -2.662 0.06 6 
miR-21-3p A_25_P00013173 0.931 0.291 3.021 0.12 6 
miR-23c A_25_P00016198 0.837 0.227 -2.583 0.06 6 

miR-302b-3p A_25_P00010618 0.823 0.235 -2.131 0.06 6 
miR-302d-3p A_25_P00010163 0.902 0.271 -2.998 0.1 6 
miR-3074-5p A_25_P00016835 0.866 0.230 -2.038 0.06 6 
miR-3622a-5p A_25_P00016140 0.854 0.251 -2.221 0.13 6 
miR-3714 A_25_P00016015 0.922 0.275 -3.142 0.05 6 
miR-371a-3p A_25_P00013992 0.921 0.239 -2.155 0.07 6 
miR-423-3p A_25_P00012422 0.844 0.286 2.788 0.11 6 
miR-4325 A_25_P00015808 0.835 0.299 -3.018 0.06 6 
miR-455-3p A_25_P00012698 0.839 0.227 -2.203 0.08 6 
miR-4667-5p A_25_P00017004 0.914 0.254 -1.953 0.05 6 
miR-4704-5p A_25_P00016353 0.863 0.264 2.917 0.06 6 
miR-4715-3p A_25_P00016596 0.828 0.233 -1.833 0.05 6 
miR-548as-3p A_25_P00017374 0.926 0.292 2.495 0.05 6 
miR-548ay-3p A_25_P00017966 0.862 0.250 -3.027 0.08 6 
miR-5582-3p A_25_P00017509 0.937 0.231 -2.320 0.07 6 
miR-636 A_25_P00012829 0.985 0.285 2.307 0.07 6 
miR-655-3p A_25_P00011229 0.897 0.262 -2.210 0.11 6 
miR-885-3p A_25_P00012992 0.951 0.239 -1.945 0.13 6 
miR-92a-2-5p A_25_P00013230 0.823 0.243 -2.642 0.07 6 
miR-92a-3p A_25_P00012031 0.848 0.297 2.828 0.25 6 
miR-938 A_25_P00013083 0.868 0.283 -2.982 0.05 6 
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Appendix D 
Circadian Features of validated miRNAs obtained from MetaCycle 

D 1 Circadian features of validated miRNAs obtained from MetaCycle in MCF-10A cells 

miRNAs 
MetaCycle 
 P-value Period Phase Amplitude 

miR-222-5p 0.017 20.020 0.397 1.283 
miR-769-3p 0.944 25.333 6.785 0.028 
miR-141-5p 0.024 20.722 19.967 0.829 
miR-1225-3p 0.990 26.906 9.116 0.043 
miR-17-5p 0.966 27.060 4.730 0.006 
miR-548ay-3p 0.022 21.333 20.563 1.106 

 

  
D 2 Circadian features of validated miRNAs obtained from MetaCycle in MCF-7 cells 

miRNAs 
MetaCycle P-

value Period Phase Amplitude 

miR-222-5p- 0.049 22.755 13.955 0.251 
miR-769-3p- 0.020 20.192 2.260 0.348 
miR-141-5p- 0.001 20.337 17.880 0.344 
miR-1225-3p- 0.953 28.667 1.532 0.186 
miR-17-5p- 0.905 25.038 19.807 0.340 
miR-548ay-3p 0.669 23.874 1.992 0.391 

 
 
 

D 3 Circadian features of validated miRNAs obtained from MetaCycle in MDA-MB-231 cells 

miRNAs 
Metacycle P-

value Period Phase Amplitude 

miR-222-5p 0.765 25.802 7.366 0.096 
miR-769-3p 0.021 22.088 19.904 0.735 
miR-141-5p 0.937 22.460 13.758 0.140 
miR-1225-3p 0.684 25.333 4.721 0.144 
miR-17-5p 0.002 24.903 20.159 1.138 
miR-548ay-3p 0.003 22.728 1.091 0.273 
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D 4 Circadian features of validated miRNAs obtained from MetaCycle in ZR-7530 cells 

miRNAs 
MetaCycle P-

value Period Phase Amplitude 

miR-222-5p 0.190 27.150 7.894 0.323 
miR-769-3p 0.966 28.667 14.215 0.244 
miR-141-5p 0.236 24.517 15.422 0.928 
miR-1225-3p 0.008 24.686 13.186 0.350 
miR-17-5p 0.669 25.472 16.145 0.249 
miR-548ay-3p 0.000 24.562 12.471 1.075 

 
 
 

D 5 Circadian features of validated miRNAs obtained from MetaCycle in HCC-1954 cells 

miRNAs 
MetaCycle P-

value Period Phase Amplitude 

miR-222-5p 0.991 28.667 7.650 0.835 
miR-769-3p 0.961 21.333 18.464 0.466 
miR-141-5p 0.041 23.282 9.515 1.437 
miR-1225-3p 0.037 23.988 21.858 0.361 
miR-17-5p 0.038 22.323 8.135 2.838 
miR-548ay-3p 0.004 23.643 21.328 0.555 
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Appendix E 
Pathways related to targeted genes of validated miRNAs  

 
E 1 Pathways related to targeted genes of miR-15-5p. 

 Pathway 
identifier Pathway name 

N 
genes 
found 

 Total 
genes 

p-
Value FDR 

1 R-HSA-69236 G1 Phase 12 42 1.6E-08 9.9E-06 

2 R-HSA-69231 Cyclin D associated 
events in G1 12 42 1.6E-08 9.9E-06 

3 R-HSA-
3247509 

Chromatin modifying 
enzymes 24 247 1.7E-06 5.4E-04 

4 R-HSA-
4839726 Chromatin organization 24 247 1.7E-06 5.4E-04 

5 R-HSA-
2173789 

TGF-beta receptor 
signaling activates 

SMADs 
9 36 2.9E-06 6.9E-04 

6 R-HSA-
3214847 HATs acetylate histones 15 110 3.3E-06 6.9E-04 

7 R-HSA-170834 Signaling by TGF-beta 
Receptor Complex 13 84 3.9E-06 7.0E-04 
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8 R-HSA-
2173788 

Downregulation of TGF-
beta receptor signaling 7 28 3.7E-05 4.3E-03 

9 R-HSA-157118 Signaling by NOTCH 16 153 4.0E-05 4.3E-03 

10 R-HSA-
3214815 

HDACs deacetylate 
histones 10 63 4.1E-05 4.3E-03 

11 R-HSA-
2173796 

SMAD2/SMAD3:SMAD4 
heterotrimer regulates 

transcription 
8 39 4.2E-05 4.3E-03 

12 R-HSA-
3214858 

RMTs methylate histone 
arginines 9 51 4.5E-05 4.3E-03 

13 R-HSA-
1912408 

Pre-NOTCH 
Transcription and 
Translation 

9 52 5.2E-05 4.6E-03 

14 R-HSA-201722 
Formation of the beta-

catenin:TCF 
transactivating complex 

10 66 6.0E-05 5.0E-03 

15 R-HSA-453279 Mitotic G1-G1/S phases 15 143 6.7E-05 5.1E-03 

16 R-HSA-
3214842 

HDMs demethylate 
histones 7 31 7.0E-05 5.1E-03 

17 R-HSA-
5689901 Metalloprotease DUBs 7 32 8.5E-05 5.9E-03 

18 R-HSA-
3700989 

Transcriptional 
Regulation by TP53 31 476 1.4E-04 8.1E-03 
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19 R-HSA-
2559582 

Senescence-Associated 
Secretory Phenotype 

(SASP) 
11 89 1.6E-04 8.1E-03 

20 R-HSA-937039 IRAK1 recruits IKK 
complex 5 16 1.8E-04 8.1E-03 

21 R-HSA-975144 
IRAK1 recruits IKK 
complex upon TLR7/8 

or 9 stimulation 
5 16 1.8E-04 8.1E-03 

22 R-HSA-
1912422 

Pre-NOTCH Expression 
and Processing 10 76 1.9E-04 8.2E-03 

23 R-HSA-
2559583 Cellular Senescence 17 194 1.9E-04 8.2E-03 

24 R-HSA-73854 RNA Polymerase I 
Promoter Clearance 10 83 3.7E-04 1.5E-02 

25 R-HSA-
6804116 

TP53 Regulates 
Transcription of Genes 
Involved in G1 Cell 
Cycle Arrest 

5 19 3.9E-04 1.5E-02 

26 R-HSA-
2173793 

Transcriptional activity 
of 

SMAD2/SMAD3:SMAD4 
heterotrimer 

8 55 4.3E-04 1.6E-02 

27 R-HSA-
5675482 

Regulation of 
necroptotic cell death 5 20 4.9E-04 1.7E-02 
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28 R-HSA-73864 RNA Polymerase I 
Transcription 10 86 4.9E-04 1.7E-02 

29 R-HSA-69202 
Cyclin E associated 
events during G1/S 

transition  
9 73 6.2E-04 2.1E-02 

30 R-HSA-
2559580 

Oxidative Stress 
Induced Senescence 11 109 8.3E-04 2.7E-02 

31 R-HSA-
8866911 

TFAP2 (AP-2) family 
regulates transcription 
of cell cycle factors 

3 6 9.8E-04 3.0E-02 

32 R-HSA-69895 
Transcriptional  

activation of  cell cycle 
inhibitor p21  

3 6 9.8E-04 3.0E-02 

33 R-HSA-69560 
Transcriptional 
activation of p53 
responsive genes   

3 6 9.8E-04 3.0E-02 

34 R-HSA-
5689880 

Ub-specific processing 
proteases 16 206 1.0E-03 3.1E-02 

35 R-HSA-427389 

ERCC6 (CSB) and 
EHMT2 (G9a) positively 

regulate rRNA 
expression 

7 49 1.1E-03 3.1E-02 

36 R-HSA-912631 Regulation of signaling 
by CBL 5 24 1.1E-03 3.2E-02 

37 R-HSA-69298 
Association of licensing 
factors with the pre-
replicative complex 

4 15 1.4E-03 3.8E-02 



 
Appendix  110 
 
 
 
  

110 
 

38 R-HSA-
5637815 

Signaling by Ligand-
Responsive EGFR 
Variants in Cancer 

6 38 1.5E-03 3.8E-02 

39 R-HSA-
1236382 

Constitutive Signaling 
by Ligand-Responsive 
EGFR Cancer Variants 

6 38 1.5E-03 3.8E-02 

40 R-HSA-
1643713 

Signaling by EGFR in 
Cancer 6 38 1.5E-03 3.8E-02 

41 R-HSA-69278 Cell Cycle, Mitotic 30 526 1.5E-03 3.8E-02 

42 R-HSA-201681 
TCF dependent 

signaling in response to 
WNT 

16 215 1.6E-03 3.8E-02 

43 R-HSA-69206 G1/S Transition 11 119 1.7E-03 4.0E-02 

44 R-HSA-209543 p75NTR recruits 
signalling complexes 4 16 1.8E-03 4.2E-02 

45 R-HSA-
5218859 Regulated Necrosis 5 27 1.8E-03 4.2E-02 

46 R-HSA-
5213460 

RIPK1-mediated 
regulated necrosis 5 27 1.8E-03 4.2E-02 

47 R-HSA-195721 Signaling by Wnt 21 329 2.1E-03 4.5E-02 

48 R-HSA-453274 Mitotic G2-G2/M phases 15 201 2.2E-03 4.5E-02 

49 R-HSA-
1295596 

Spry regulation of FGF 
signaling 4 17 2.2E-03 4.5E-02 



 
Appendix  111 
 
 
 
  

111 
 

50 R-HSA-69656 
Cyclin A:Cdk2-

associated events at S 
phase entry 

8 74 2.7E-03 5.0E-02 

51 R-HSA-400253 Circadian Clock 9 91 2.8E-03 5.0E-02 

52 R-HSA-975871 MyD88 cascade initiated on plasma membrane 9 91 2.8E-03 5.0E-02 

53 R-HSA-168176 Toll Like Receptor 5 
(TLR5) Cascade 9 91 2.8E-03 5.0E-02 

54 R-HSA-168142 Toll Like Receptor 10 
(TLR10) Cascade 9 91 2.8E-03 5.0E-02 

55 R-HSA-
2565942 

Regulation of PLK1 
Activity at G2/M 
Transition 

9 92 3.0E-03 5.2E-02 

56 R-HSA-
3769402 

Deactivation of the beta-
catenin transactivating 

complex 
6 44 3.0E-03 5.2E-02 

57 R-HSA-
3304349 

Loss of Function of 
SMAD2/3 in Cancer 3 9 3.1E-03 5.2E-02 

58 R-HSA-
3315487 

SMAD2/3 MH2 Domain 
Mutants in Cancer 3 9 3.1E-03 5.2E-02 

59 R-HSA-
4411364 

Binding of 
TCF/LEF:CTNNB1 to 
target gene promoters 

3 9 3.1E-03 5.2E-02 

60 R-HSA-975138 

TRAF6 mediated 
induction of NFkB and 
MAP kinases upon 
TLR7/8 or 9 activation 

9 93 3.2E-03 5.3E-02 

61 R-HSA-193639 p75NTR signals via NF-kB 4 19 3.3E-03 5.3E-02 



 
Appendix  112 
 
 
 
  

112 
 

62 R-HSA-73777 RNA Polymerase I 
Chain Elongation 7 61 3.6E-03 5.6E-02 

63 R-HSA-975155 
MyD88 dependent 
cascade initiated on 

endosome 
9 95 3.6E-03 5.6E-02 

64 R-HSA-168181 Toll Like Receptor 7/8 
(TLR7/8) Cascade 9 95 3.6E-03 5.6E-02 

65 R-HSA-380994 ATF4 activates genes 5 32 3.8E-03 5.6E-02 

66 R-HSA-
3304351 

Signaling by TGF-beta 
Receptor Complex in 

Cancer 
3 10 4.1E-03 6.2E-02 

67 R-HSA-
3311021 

SMAD4 MH2 Domain 
Mutants in Cancer 2 3 4.2E-03 6.3E-02 

68 R-HSA-
3304347 

Loss of Function of 
SMAD4 in Cancer 2 3 4.2E-03 6.3E-02 

69 R-HSA-168138 Toll Like Receptor 9 
(TLR9) Cascade 9 98 4.4E-03 6.3E-02 

70 R-HSA-109581 Apoptosis 13 176 4.5E-03 6.3E-02 

71 R-HSA-446652 Interleukin-1 signaling 6 48 4.6E-03 6.3E-02 

72 R-HSA-
6791312 

TP53 Regulates 
Transcription of Cell 

Cycle Genes 
7 64 4.7E-03 6.3E-02 

73 R-HSA-427413 
NoRC negatively 
regulates rRNA 
expression 

8 81 4.7E-03 6.3E-02 

74 R-HSA-
5250913 

Positive epigenetic 
regulation of rRNA 

expression 
8 81 4.7E-03 6.3E-02 

75 R-HSA-
5688426 Deubiquitination 18 285 4.8E-03 6.3E-02 
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76 R-HSA-73728 RNA Polymerase I 
Promoter Opening 5 34 4.8E-03 6.3E-02 

77 R-HSA-
8849469 

PTK6 Regulates RTKs 
and Their Effectors 
AKT1 and DOK1 

3 11 5.4E-03 7.0E-02 

78 R-HSA-
2979096 

NOTCH2 Activation and 
Transmission of Signal 

to the Nucleus 
4 22 5.5E-03 7.2E-02 

79 R-HSA-212165 Epigenetic regulation of 
gene expression 11 140 5.6E-03 7.2E-02 

80 R-HSA-
5357801 Programmed Cell Death 13 184 6.4E-03 8.2E-02 

81 R-HSA-504046 

RNA Polymerase I, RNA 
Polymerase III, and 
Mitochondrial 
Transcription 

10 124 6.8E-03 8.2E-02 

82 R-HSA-113501 
Inhibition of replication 
initiation of damaged 
DNA by RB1/E2F1 

3 12 6.8E-03 8.2E-02 

83 R-HSA-
5687128 

MAPK6/MAPK4 
signaling 9 105 6.8E-03 8.2E-02 

84 R-HSA-
5334118 DNA methylation 5 37 6.8E-03 8.2E-02 
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85 R-HSA-
1640170 Cell Cycle 32 638 7.3E-03 8.2E-02 

86 R-HSA-450321 

JNK (c-Jun kinases) 
phosphorylation and  
activation mediated by 
activated human TAK1 

4 24 7.5E-03 8.2E-02 

87 R-HSA-381042 PERK regulates gene 
expression 5 38 7.6E-03 8.3E-02 

88 R-HSA-166058 
MyD88:Mal cascade 
initiated on plasma 

membrane 
9 107 7.7E-03 8.3E-02 

89 R-HSA-168188 Toll Like Receptor 
TLR6:TLR2 Cascade 9 107 7.7E-03 8.3E-02 

90 R-HSA-166054 Activated TLR4 
signalling 10 128 8.3E-03 8.3E-02 

91 R-HSA-350054 Notch-HLH transcription pathway 3 13 8.4E-03 8.4E-02 

92 R-HSA-
2559585 

Oncogene Induced 
Senescence 5 39 8.5E-03 8.5E-02 

93 R-HSA-
5250941 

Negative epigenetic 
regulation of rRNA 

expression 
8 90 8.6E-03 8.6E-02 

94 R-HSA-
1227986 Signaling by ERBB2 6 55 8.6E-03 8.6E-02 

95 R-HSA-168179 Toll Like Receptor 
TLR1:TLR2 Cascade 9 110 9.1E-03 9.1E-02 

96 R-HSA-181438 Toll Like Receptor 2 
(TLR2) Cascade 9 110 9.1E-03 9.1E-02 

97 R-HSA-
2122947 

NOTCH1 Intracellular 
Domain Regulates 
Transcription 

6 56 9.4E-03 9.3E-02 
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98 R-HSA-
5637812 

Signaling by EGFRvIII in 
Cancer 4 26 9.8E-03 9.3E-02 

99 R-HSA-
5637810 

Constitutive Signaling 
by EGFRvIII 4 26 9.8E-03 9.3E-02 

100 R-HSA-174490 
Membrane binding and 
targetting of GAG 

proteins 
3 14 1.0E-02 9.3E-02 

101 R-HSA-901042 Calnexin/calreticulin 
cycle 5 41 1.0E-02 9.3E-02 

102 R-HSA-
2173795 

Downregulation of 
SMAD2/3:SMAD4 

transcriptional activity 
4 27 1.1E-02 1.0E-01 

103 R-HSA-
3214841 

PKMTs methylate 
histone lysines 5 42 1.1E-02 1.0E-01 

104 R-HSA-69275 G2/M Transition 13 199 1.2E-02 1.1E-01 

105 R-HSA-209560 NF-kB is activated and 
signals survival 3 15 1.2E-02 1.1E-01 

106 R-HSA-174495 
Synthesis And 

Processing Of GAG, 
GAGPOL Polyproteins 

3 15 1.2E-02 1.1E-01 

107 R-HSA-182971 EGFR downregulation 4 28 1.3E-02 1.1E-01 

108 R-HSA-
5689603 UCH proteinases 8 98 1.4E-02 1.2E-01 

109 R-HSA-977225 Amyloid fiber formation 7 80 1.5E-02 1.2E-01 

110 R-HSA-
5250924 

B-WICH complex 
positively regulates 
rRNA expression 

6 62 1.5E-02 1.2E-01 



 
Appendix  116 
 
 
 
  

116 
 

111 R-HSA-212300 PRC2 methylates 
histones and DNA 5 45 1.5E-02 1.2E-01 

112 R-HSA-166016 Toll Like Receptor 4 
(TLR4) Cascade 10 141 1.5E-02 1.2E-01 

113 R-HSA-
5578749 

Transcriptional 
regulation by small 

RNAs 
7 81 1.5E-02 1.2E-01 

114 R-HSA-
2262752 

Cellular responses to 
stress 24 470 1.6E-02 1.2E-01 

115 R-HSA-427359 
SIRT1 negatively 
regulates rRNA 
Expression 

5 46 1.6E-02 1.2E-01 

116 R-HSA-
1169410 

Antiviral mechanism by 
IFN-stimulated genes 7 83 1.7E-02 1.2E-01 

117 R-HSA-
1169408 

ISG15 antiviral 
mechanism 7 83 1.7E-02 1.2E-01 

118 R-HSA-
5654695 PI-3K cascade:FGFR2 10 144 1.8E-02 1.2E-01 

119 R-HSA-
5654710 PI-3K cascade:FGFR3 10 144 1.8E-02 1.2E-01 

120 R-HSA-
5654720 PI-3K cascade:FGFR4 10 144 1.8E-02 1.2E-01 

121 R-HSA-
5654689 PI-3K cascade:FGFR1 10 144 1.8E-02 1.2E-01 

122 R-HSA-
1250342 

PI3K events in ERBB4 
signaling 10 144 1.8E-02 1.2E-01 

123 R-HSA-
1257604 

PIP3 activates AKT 
signaling 10 144 1.8E-02 1.2E-01 
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124 R-HSA-
5696395 

Formation of Incision 
Complex in GG-NER 5 47 1.8E-02 1.2E-01 

125 R-HSA-212436 Generic Transcription 
Pathway 45 1032 1.8E-02 1.2E-01 

126 R-HSA-
5628897 

TP53 Regulates 
Metabolic Genes 9 125 1.9E-02 1.2E-01 

127 R-HSA-450294 MAP kinase activation in TLR cascade 6 66 1.9E-02 1.2E-01 

128 R-HSA-180292 GAB1 signalosome 10 147 2.0E-02 1.2E-01 
129 R-HSA-198203 PI3K/AKT activation 10 147 2.0E-02 1.2E-01 

130 R-HSA-391160 
Signal regulatory protein 

(SIRP) family 
interactions 

3 18 2.0E-02 1.2E-01 

131 R-HSA-
5684264 

MAP3K8 (TPL2)-
dependent MAPK1/3 

activation 
3 18 2.0E-02 1.2E-01 

132 R-HSA-
2173791 

TGF-beta receptor 
signaling in EMT 
(epithelial to 

mesenchymal transition) 

3 18 2.0E-02 1.2E-01 

133 R-HSA-
6803211 

TP53 Regulates 
Transcription of Death 
Receptors and Ligands 

3 18 2.0E-02 1.2E-01 

134 R-HSA-
5625886 

Activated PKN1 
stimulates transcription 
of AR (androgen 
receptor) regulated 

genes KLK2 and KLK3 

5 49 2.1E-02 1.2E-01 

135 R-HSA-
8864260 

Transcriptional 
regulation by the AP-2 
(TFAP2) family of 
transcription factors 

5 49 2.1E-02 1.2E-01 
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136 R-HSA-
2894862 

Constitutive Signaling 
by NOTCH1 HD+PEST 

Domain Mutants 
6 67 2.1E-02 1.2E-01 

137 R-HSA-
2644602 

Signaling by NOTCH1 
PEST Domain Mutants 

in Cancer 
6 67 2.1E-02 1.2E-01 

138 R-HSA-
2894858 

Signaling by NOTCH1 
HD+PEST Domain 
Mutants in Cancer 

6 67 2.1E-02 1.2E-01 

139 R-HSA-
2644606 

Constitutive Signaling 
by NOTCH1 PEST 
Domain Mutants 

6 67 2.1E-02 1.2E-01 

140 R-HSA-
2644603 

Signaling by NOTCH1 in 
Cancer 6 67 2.1E-02 1.2E-01 

141 R-HSA-75158 TRAIL  signaling 2 7 2.1E-02 1.2E-01 

142 R-HSA-
3304356 

SMAD2/3 
Phosphorylation Motif 
Mutants in Cancer 

2 7 2.1E-02 1.2E-01 

143 R-HSA-68911 G2 Phase 2 7 2.1E-02 1.2E-01 

144 R-HSA-
5663202 

Diseases of signal 
transduction 20 384 2.1E-02 1.2E-01 

145 R-HSA-73762 RNA Polymerase I 
Transcription Initiation 5 50 2.2E-02 1.2E-01 

146 R-HSA-937061 TRIF-mediated 
TLR3/TLR4 signaling  8 108 2.3E-02 1.2E-01 

147 R-HSA-166166 MyD88-independent 
TLR3/TLR4 cascade  8 108 2.3E-02 1.2E-01 

148 R-HSA-168164 Toll Like Receptor 3 
(TLR3) Cascade 8 108 2.3E-02 1.2E-01 

149 R-HSA-975110 
TRAF6 mediated IRF7 
activation in TLR7/8 or 9 

signaling 
3 19 2.3E-02 1.2E-01 

150 R-HSA-
5654732 

Negative regulation of 
FGFR3 signaling 4 34 2.4E-02 1.2E-01 

151 R-HSA-
2262749 

Cellular response to 
hypoxia 4 34 2.4E-02 1.2E-01 
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152 R-HSA-
1234174 

Regulation of Hypoxia-
inducible Factor (HIF) 

by oxygen 
4 34 2.4E-02 1.2E-01 

153 R-HSA-392451 
G beta:gamma 
signalling through 
PI3Kgamma 

5 52 2.6E-02 1.3E-01 

154 R-HSA-
5654733 

Negative regulation of 
FGFR4 signaling 4 35 2.6E-02 1.3E-01 

155 R-HSA-
1266695 Interleukin-7 signaling 3 20 2.6E-02 1.3E-01 

156 R-HSA-380284 

Loss of proteins 
required for interphase 

microtubule 
organizationåÊfrom the 

centrosome 

6 71 2.7E-02 1.3E-01 

157 R-HSA-380259 Loss of Nlp from mitotic 
centrosomes 6 71 2.7E-02 1.3E-01 

158 R-HSA-111453 

BH3-only proteins 
associate with and 

inactivate anti-apoptotic 
BCL-2 members 

2 8 2.7E-02 1.3E-01 

159 R-HSA-426496 Post-transcriptional 
silencing by small RNAs 2 8 2.7E-02 1.3E-01 

160 R-HSA-
2559586 

DNA Damage/Telomere 
Stress Induced 
Senescence 

6 72 2.8E-02 1.4E-01 

161 R-HSA-
1980145 Signaling by NOTCH2 4 37 3.1E-02 1.5E-01 

162 R-HSA-445989 

TAK1 activates NFkB by 
phosphorylation and 
activation of IKKs 

complex 

4 37 3.1E-02 1.5E-01 
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163 R-HSA-211000 Gene Silencing by RNA 8 115 3.1E-02 1.6E-01 

164 R-HSA-
8854518 

AURKA Activation by 
TPX2 6 74 3.2E-02 1.6E-01 

165 R-HSA-
2299718 

Condensation of 
Prophase 

Chromosomes 
5 55 3.2E-02 1.6E-01 

166 R-HSA-936964 
Activation of IRF3/IRF7 
mediated by TBK1/IKK 

epsilon 
3 22 3.3E-02 1.6E-01 

167 R-HSA-392851 
Prostacyclin signalling 
through prostacyclin 

receptor 
3 22 3.3E-02 1.6E-01 

168 R-HSA-
3656534 

Loss of Function of 
TGFBR1 in Cancer 2 9 3.3E-02 1.6E-01 

169 R-HSA-
3656532 

TGFBR1 KD Mutants in 
Cancer 2 9 3.3E-02 1.6E-01 

170 R-HSA-
6781823 

Formation of TC-NER 
Pre-Incision Complex 5 56 3.4E-02 1.6E-01 

171 R-HSA-397795 G-protein beta:gamma 
signalling 5 57 3.6E-02 1.6E-01 

172 R-HSA-532668 

N-glycan trimming in the 
ER and 

Calnexin/Calreticulin 
cycle 

5 57 3.6E-02 1.6E-01 

173 R-HSA-
5654726 

Negative regulation of 
FGFR1 signaling 4 39 3.6E-02 1.6E-01 

174 R-HSA-389356 CD28 co-stimulation 4 39 3.6E-02 1.6E-01 

175 R-HSA-174048 APC/C:Cdc20 mediated degradation of Cyclin B 3 23 3.7E-02 1.6E-01 
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176 R-HSA-
6804760 

Regulation of TP53 
Activity through 
Methylation 

3 23 3.7E-02 1.6E-01 

177 R-HSA-73887 Death Receptor 
Signalling 5 58 3.8E-02 1.6E-01 

178 R-HSA-69304 Regulation of DNA 
replication 6 78 3.9E-02 1.6E-01 

179 R-HSA-
5696394 

DNA Damage 
Recognition in GG-NER 4 40 3.9E-02 1.6E-01 

180 R-HSA-156902 Peptide chain 
elongation 7 99 4.0E-02 1.6E-01 

181 R-HSA-
1253288 

Downregulation of 
ERBB4 signaling 2 10 4.0E-02 1.6E-01 

182 R-HSA-
3371378 Regulation by c-FLIP 2 10 4.0E-02 1.6E-01 

183 R-HSA-69416 Dimerization of 
procaspase-8 2 10 4.0E-02 1.6E-01 

184 R-HSA-
5625740 

RHO GTPases activate 
PKNs 6 79 4.1E-02 1.6E-01 

185 R-HSA-175474 Assembly Of The HIV 
Virion 3 24 4.1E-02 1.7E-01 

186 R-HSA-
5654727 

Negative regulation of 
FGFR2 signaling 4 41 4.2E-02 1.7E-01 

187 R-HSA-
8868766 

rRNA processing in the 
mitochondrion 4 41 4.2E-02 1.7E-01 

188 R-HSA-927802 Nonsense-Mediated 
Decay (NMD) 8 123 4.4E-02 1.7E-01 

189 R-HSA-975957 

Nonsense Mediated 
Decay (NMD) enhanced 
by the Exon Junction 
Complex (EJC) 

8 123 4.4E-02 1.7E-01 

190 R-HSA-
5633007 

Regulation of TP53 
Activity 10 169 4.4E-02 1.8E-01 
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191 R-HSA-975956 

Nonsense Mediated 
Decay (NMD) 

independent of the Exon 
Junction Complex (EJC) 

7 102 4.5E-02 1.8E-01 

192 R-HSA-
6804757 

Regulation of TP53 
Degradation 4 42 4.5E-02 1.8E-01 

193 R-HSA-179409 APC-Cdc20 mediated 
degradation of Nek2A 3 25 4.6E-02 1.8E-01 

194 R-HSA-450302 
activated TAK1 

mediates p38 MAPK 
activation 

3 25 4.6E-02 1.8E-01 

195 R-HSA-
8852276 

The role of GTSE1 in 
G2/M progression after 

G2 checkpoint 
6 82 4.8E-02 1.9E-01 

196 R-HSA-
1980143 Signaling by NOTCH1 6 82 4.8E-02 1.9E-01 

197 R-HSA-426486 Small interfering RNA 
(siRNA) biogenesis 2 11 4.8E-02 1.9E-01 

198 R-HSA-68689 CDC6 association with 
the ORC:origin complex 2 11 4.8E-02 1.9E-01 

199 R-HSA-156842 Eukaryotic Translation 
Elongation 7 104 4.9E-02 2.0E-01 

200 R-HSA-
1168372 

Downstream signaling 
events of B Cell 
Receptor (BCR) 

12 220 4.9E-02 2.0E-01 
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Abstract: Circadian rhythms are essential for temporal (~24 h) regulation of molecular processes in
diverse species. Dysregulation of circadian gene expression has been implicated in the pathogenesis
of various disorders, including hypertension, diabetes, depression, and cancer. Recently, microRNAs
(miRNAs) have been identified as critical modulators of gene expression post-transcriptionally,
and perhaps involved in circadian clock architecture or their output functions. The aim of the
present study is to explore the temporal expression of miRNAs among entrained breast cell lines.
For this purpose, we evaluated the temporal (28 h) expression of 2006 miRNAs in MCF-10A, MCF-7,
and MDA-MB-231 cells using microarrays after serum shock entrainment. We noted hundreds of
miRNAs that exhibit rhythmic fluctuations in each breast cell line, and some of them across two or
three cell lines. Afterwards, we validated the rhythmic profiles exhibited by miR-141-5p, miR-1225-5p,
miR-17-5p, miR-222-5p, miR-769-3p, and miR-548ay-3p in the above cell lines, as well as in ZR-7530
and HCC-1954 using RT-qPCR. Our results show that serum shock entrainment in breast cells lines
induces rhythmic fluctuations of distinct sets of miRNAs, which have the potential to be related to
endogenous circadian clock, but extensive investigation is required to elucidate that connection.

Keywords: circadian rhythms; rhythmic fluctuations microRNAs; microarrays; RT-qPCR; breast cancer

1. Introduction

The circadian clock regulates the physiology and behavior of most species with a periodicity
of approximately 24 h [1]. Mammalian cells synchronize their external and internal environments,
which is critical for their well-being and survival. A lack of synchronicity might trigger diverse
disorders, such as depression, diabetes, hypertension, and cancer [2].

Molecularly, the circadian system is involved in transcription, translation, protein–protein
interaction, phosphorylation, and protein degradation processes, all of which participate in the
biological cycles to 24 h environmental periods [3]. It is known that the circadian clock contains
“clock” genes and their protein products are arranged such that they are capable of configuring an
auto-regulatory feedback system [4], but the knowledge about other processes is limited. For instance,
well-known clock genes such as PER2 and BMAL1 are expressed rhythmically in different cell types,
such as adipocytes [5], myocytes [6], and stem cells [7]. They may display different phases depending
on the tissue [8]. Moreover, these genes also display rhythmic expression for non-tumorigenic breast
cell lines but lack of rhythmicity in tumorigenic breast cell lines (defective-clock) [9,10]. Conversely,
Gutierrez et al. reported other genes displaying circadian-like expression profiles after entrainment,
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even in defective-clock breast cell lines [11]. This evidence suggests that additional regulatory
components may be involved in the circadian system.

Recently, post-transcriptional regulatory events have been recognized as important factors in the
circadian system [12]. The miRNAs are a group of short, non-coding RNAs of about 23 nucleotides that
regulate the level of expression of target genes and subsequent protein translation [13]. A proteomic
study of mouse liver revealed that up to 20% of soluble proteins exhibit rhythmic expression, whereas
only about 10% of their transcriptional levels are rhythmic, which suggests that miRNAs may conduct
a regulatory function [14]. In addition, there have been reports of particular miRNAs exhibiting
rhythmic changes in expression over certain time periods in mice [15,16] and rats [17]. Thus, miRNAs
seem to be a potential way in which to investigate biological timing processes that might be critical for
cancer cells [18,19]. A recent study provides direct evidence that circadian disruption induces changes
in miRNA levels in the mammary tissue of rats, which may lead to malignant consequences [20].

Over the last few years, there has been an increasing amount of studies linking abnormal miRNA
expression to breast cancer tissue [21,22], but there is still no evidence linking periodicity, circadian
clock, andmiRNA expression in breast cells. Therefore, in this work, we explored a temporal expression
of miRNAs among entrained breast cell lines, regardless of their circadian status (e.g., PER2 and
BMAL1 profiles). We initiated the study by establishing cultures of breast cells, entraining with 50%
horse serum, and obtaining nucleic acid samples at 4 h intervals over 48 h. Next, we analyzed the
miRNA expression profiles using microarrays in three human breast cell lines, MCF-10A, MCF-7,
and MDA-MB-231—over a period of 28 h. Microarray data was used to identify rhythmic miRNAs.
Six miRNAs were selected to confirm their rhythmicity by reverse transcription quantitative PCR
(RT-qPCR) assays over 48 h of study and testing in two additional breast cancer cell lines, ZR-7530
and HCC-1954.

2. Results

2.1. Entrainment of Human Breast Cell Cultures

In order to analyze the temporal mRNA expression of human breast cell lines, we entrained
cell cultures using the well-known serum shock method [23,24]. In order to verify the entrainment,
we measured-the expression level of two known clock genes using RT-qPCR in five breast cell
lines. BMAL1 and PER2 genes exhibited distinctive, opposite expression profiles in MCF-10A
(a non-tumorigenic cell line), with periods of 24.15 and 20.40 h, respectively (see Figure 1A).
Previous studies achieved similar results [9–11], which suggests that proper entrainment was used
in our experiments. The genes did not exhibit rhythmicity in the tumorigenic cell lines—MCF-7,
MDA-MB-231, HCC-1954, and ZR-75-30 (see Figure 1B–E)—as were reported previously [9–11].
In addition, we measured the expression level of SERPINB1 gene in MCF-7 (see Supplementary
Figure S1), which exhibited a particular rhythmic profile, as we reported previously [11]. The results
confirm that MCF-10A and MCF-7 were properly entrained and support the validity of the cell
culture procedures.
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Figure 1. Temporal expression of BMAL1 and PER2 genes in five breast cell lines. The graph depicts 
the level of expression of two clock genes at 4 h intervals over 48 h after 2 h serum shock entrainment. 
(A) MCF-10A cells show rhythmic profiles of both genes; (B–E) MCF-7, MDA-MB-231, ZR-7530 and 
HCC-1954 cells do not show rhythmic profiles. Dashed black lines at 12 and 40 h were added to show 
the period during which the profiles exhibited robustness. Data points (means of two biological 
replicates) were normalized using GAPDH relative to the first time point (t = 0) within each 
corresponding cell line. 

2.2. Statistical Analysis of miRNA Rhythmic Profiles 

We analyzed the temporal expression (8 time points) of 2006 miRNAs in non-tumorigenic breast 
MCF-10A cells and two tumorigenic cell lines, MCF-7 and MDA-MB-231, using a cosine-fitting 
function to identify potential rhythmic miRNAs. Prior to this analysis, we generated additional data 
by running five types of randomization (TL (time-label), RW (row-wise), CW (column-wise), RCW 
(row-column-wise), and RCWB (row-column-wise by blocks)) on our experimental data (MCF-10A, 
MCF-7, and MDA-MB-231) to assess whether our microarray data are random. For this purpose, we 
assessed the distributions of the features associative to rhythmicity, including cosine correlation, 
period, and phase of the experimental and randomized data. 

We found that the distributions of the experimental data were nearly equivalent (see 
Supplementary Figure S2). However, we observed differences when these distributions were 
compared with the distributions of randomized data. Specifically, data obtained using the TL and 
RW methods had similar structures to the experimental data, including similar cosine correlations, 
periods, and phase distributions. Data obtained using the CW and RCW methods had different 
structures than the experimental data, including different cosine correlations and phase distributions 
(but not period distributions). Data obtained using the RCWB method showed marked differences in 
structure compared with the experimental data, including different cosine correlations, periods, and 
phases (see Supplementary Figure S3A–C). 

Figure 1. Temporal expression of BMAL1 and PER2 genes in five breast cell lines. The graph depicts
the level of expression of two clock genes at 4 h intervals over 48 h after 2 h serum shock entrainment.
(A) MCF-10A cells show rhythmic profiles of both genes; (B–E) MCF-7, MDA-MB-231, ZR-7530 and
HCC-1954 cells do not show rhythmic profiles. Dashed black lines at 12 and 40 hwere added to show the
period during which the profiles exhibited robustness. Data points (means of two biological replicates)
were normalized using GAPDH relative to the first time point (t = 0) within each corresponding
cell line.

2.2. Statistical Analysis of miRNA Rhythmic Profiles

We analyzed the temporal expression (8 time points) of 2006 miRNAs in non-tumorigenic breast
MCF-10A cells and two tumorigenic cell lines, MCF-7 and MDA-MB-231, using a cosine-fitting
function to identify potential rhythmic miRNAs. Prior to this analysis, we generated additional
data by running five types of randomization (TL (time-label), RW (row-wise), CW (column-wise),
RCW (row-column-wise), and RCWB (row-column-wise by blocks)) on our experimental data
(MCF-10A, MCF-7, and MDA-MB-231) to assess whether our microarray data are random. For this
purpose, we assessed the distributions of the features associative to rhythmicity, including cosine
correlation, period, and phase of the experimental and randomized data.

We found that the distributions of the experimental data were nearly equivalent
(see Supplementary Figure S2). However, we observed differences when these distributions were
compared with the distributions of randomized data. Specifically, data obtained using the TL and RW
methods had similar structures to the experimental data, including similar cosine correlations, periods,
and phase distributions. Data obtained using the CW and RCW methods had different structures
than the experimental data, including different cosine correlations and phase distributions (but not
period distributions). Data obtained using the RCWB method showed marked differences in structure
compared with the experimental data, including different cosine correlations, periods, and phases
(see Supplementary Figure S3A–C).

We confirmed that the RCWB method changes the structure of the experimental data. Thus, we
plotted the cosine correlations and periods for experimental and randomized data. We noted that
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randomized data has a high proportion of transcripts with periods less than 0.22, which means they
cannot be categorized as rhythmic transcript (periods close to 0.26) (see Supplementary Figure S3D).
We also compared periods between the experimental and randomized data, finding that the randomized
data features have fewer rhythmic periods than from the experimental data (see Supplementary Figure S3E).

In summary, the similar structures of the experimental and randomized data show that the
cosine fitting function can calculate mathematical rhythmic features by chance, it is often observed
when statistical analysis is performed in short temporal expression data [25]. However, our last
results suggest that the RCWB method effectively removes the biological structure from experimental
data and shows that the cosine fitting function can be used to calculate the circadian parameters of
transcripts [26]. The current evaluation is consistent with our previous study [11].

2.3. Determination of miRNAs with Rhythmic Expression

We used the cosine-fitting function on temporal microarray data collected from MCF-10A, MCF-7,
andMDA-MB-231 to identify putative miRNAwith rhythmic patterns. We identified different amounts
of rhythmic miRNAs in three tested breast cell lines. A total of 143 (7.12%) rhythmic miRNAs were
found in MCF-10A, which can be stratified into six clusters according to phase, with apparently
distinct rhythmic expression patterns (see Figure 2A and Figure S4A). MCF-7 and MDA-MB-231 had
183 (9.12%) and 147 (7.32%) rhythmic miRNAs, respectively, and their phase clusters were similar to
those of MCF-10A (see Figure 2B,C and Figure S4B,C). Thus, we wondered whether the identified
miRNAs were specific to certain cell lines. After our analysis, 9 additional miRNAs were found
in MCF-10A and MCF-7. This observation was highly significant (p = 0.03, hypergeometric test).
We also noted that 11 miRNAs significantly overlapped across the tumorigenic cell lines MCF-7
and MDA-MB-231 (p = 0.007, hypergeometric test) and 8 miRNAs overlapped across MCF-10A and
MDA-MB-231 (p = 0.02, hypergeometric test). We identified 2 rhythmic miRNAs present in the 3 tested
breast cell lines (see Figure 2D). Taken together, these diverse results show a large component of
specific rhythmic miRNAs and only small common component feature rhythmicity among the tested
breast cell lines. This is presented in Tables S1–S3, which depict the miRNAs, cosine correlations,
periods, and phases obtained from the cosine-fitting function.
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Figure 2. Rhythmic expression of miRNAs identified in three breast cell lines. The heat maps depict 
the expression level of miRNAs over 28 h (hours 12–40 of the 48 h study) in (A) MCF-10A; (B) MCF-
7; and (C) MDA-MB-231 cells. In addition, the heat maps show 6 different clusters of miRNAs that 
depict marked phases. Brown colors represent higher expression values, while yellow colors 
represent lower expression values. Expression values are z-scaled relative to each cell line; (D) Venn 
diagram of 143, 183, and 147 miRNAs that were rhythmically expressed over 28 h in MCF-10A, MCF-
7, and MDA-MB-231. The diagram also shows miRNAs that exhibited rhythmicity across cell lines 
and were selected for RT-qPCR validation (red). 

2.4. Validation of Rhythmic Expression Profiles Using RT-qPCR 

For validation purposes, we selected miRNAs with similar or opposite rhythmic profiles. We 
selected one miRNA that displayed rhythmicity only for MCF-10A (miR-141-5p), MCF-7 (miR-1225-
5p), and MDA-MB-231 (miR-17-5p). Additionally, we selected miR-769-3p because it shared a similar 
profile for MCF7 and MB-MDA-231 and miR-222-5p because it had opposite profiles for MCF-10A 
and MCF-7, according to the microarray data. Finally, we included miR-548ay-3p because it exhibited 
rhythmic expression in MCF-10A, MCF-7, and MDA-MB-231 (see Figure 2D). In order to provide a 
broader view of the rhythmic expression of miRNAs, we validated the expression using RT-qPCR 
assays over 48 h. Additionally, we measured the temporal expression of the selected miRNAs in two 
other tumorigenic breast cell lines, ZR-7530 and HCC-1954 (note that the last two time points of HCC-
1954 are missing). 

After comparing the miRNAs temporal expression between microarray and RT-qPCR results, 
we observed similar profiles, suggesting reproducibility among assays (see Figures 3–5). The 
significance of the rhythmicity of miRNAs was evaluated using MetaCycle [27] (p < 0.05). In MCF-
10A, miR-141-5p displayed the expected rhythmicity (MetaCycle p-value = 0.023). However, this 
miRNA also displayed significant rhythmicity in MCF-7 and HCC-1954 (MetaCycle p-values of 
0.0011 and 0.041, respectively), which was not observed in the microarray data. We observed that 
miR-141-5p exhibited lower amplitude in MCF-7 than MCF-10A and HCC-1954 (see Figure 3A). As 
observed in the microarray analysis, miR-1225-5p did not display significant rhythmicity in MCF-7 
cells, but it did display rhythmicity in ZR-7530 and HCC-1954 (MetaCycle p-values of 0.0079 and 
0.037, respectively). Nonetheless, it exhibited low amplitudes across five breast cell lines (see Figure 
3B). The miR-17-5p displayed the expected rhythmicity in MDA-MB-231 cells (MetaCycle p-value = 
0.0018), and it also exhibited rhythmicity in HCC-1954 (MetaCycle p-value = 0.037) (see Figure 3C). 

Figure 2. Rhythmic expression of miRNAs identified in three breast cell lines. The heat maps depict
the expression level of miRNAs over 28 h (hours 12–40 of the 48 h study) in (A) MCF-10A; (B) MCF-7;
and (C) MDA-MB-231 cells. In addition, the heat maps show 6 different clusters of miRNAs that depict
marked phases. Brown colors represent higher expression values, while yellow colors represent lower
expression values. Expression values are z-scaled relative to each cell line; (D) Venn diagram of 143, 183,
and 147 miRNAs that were rhythmically expressed over 28 h in MCF-10A, MCF-7, and MDA-MB-231.
The diagram also shows miRNAs that exhibited rhythmicity across cell lines and were selected for
RT-qPCR validation (red).

2.4. Validation of Rhythmic Expression Profiles Using RT-qPCR

For validation purposes, we selectedmiRNAswith similar or opposite rhythmic profiles. We selected
one miRNA that displayed rhythmicity only for MCF-10A (miR-141-5p), MCF-7 (miR-1225-5p),
and MDA-MB-231 (miR-17-5p). Additionally, we selected miR-769-3p because it shared a similar
profile for MCF7 and MB-MDA-231 and miR-222-5p because it had opposite profiles for MCF-10A
and MCF-7, according to the microarray data. Finally, we included miR-548ay-3p because it exhibited
rhythmic expression in MCF-10A, MCF-7, and MDA-MB-231 (see Figure 2D). In order to provide
a broader view of the rhythmic expression of miRNAs, we validated the expression using RT-qPCR
assays over 48 h. Additionally, we measured the temporal expression of the selected miRNAs in
two other tumorigenic breast cell lines, ZR-7530 and HCC-1954 (note that the last two time points of
HCC-1954 are missing).

After comparing the miRNAs temporal expression between microarray and RT-qPCR
results, we observed similar profiles, suggesting reproducibility among assays (see Figures 3–5).
The significance of the rhythmicity of miRNAs was evaluated using MetaCycle [27] (p < 0.05). In
MCF-10A, miR-141-5p displayed the expected rhythmicity (MetaCycle p-value = 0.023). However, this
miRNA also displayed significant rhythmicity in MCF-7 and HCC-1954 (MetaCycle p-values of 0.0011
and 0.041, respectively), which was not observed in the microarray data. We observed that miR-141-5p
exhibited lower amplitude in MCF-7 than MCF-10A and HCC-1954 (see Figure 3A). As observed in
the microarray analysis, miR-1225-5p did not display significant rhythmicity in MCF-7 cells, but it did
display rhythmicity in ZR-7530 and HCC-1954 (MetaCycle p-values of 0.0079 and 0.037, respectively).
Nonetheless, it exhibited low amplitudes across five breast cell lines (see Figure 3B). The miR-17-5p
displayed the expected rhythmicity in MDA-MB-231 cells (MetaCycle p-value = 0.0018), and it also
exhibited rhythmicity in HCC-1954 (MetaCycle p-value = 0.037) (see Figure 3C).
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Figure 3. Expression profiles of miR-141-5p, miR-1225-5p, and miR-17-5p across breast cell lines as 
determined by RT-qPCR. Their rhythmic expression was evaluated by RT-qPCR in serum-shocked 
MCF-10A, MCF-7, MDA-MB-231, ZR-7530, and HCC-1954 cells over 48 h (4 h intervals). (A) miR-141-
5p exhibits rhythmic profiles in MCF-10A, MCF-7 and HCC-1954 cells; (B) miR-1225-5p exhibits 
rhythmic profiles in ZR-7530 and HCC-1954 cells; (C) miR-17-5p exhibits rhythmic profiles in MDA-
MB-231 and HCC-1954 cells. Data points (means of three biological replicates ± standard error of the 
mean (SEM)) were normalized using miR-106a-5p relative to the first time point (t = 0). The p-value 
and period values of rhythmic profiles were obtained from the MetaCycle analysis and are illustrated 
at the top of each plot. Expression profiles with p-values less than 0.05 were considered rhythmic. For 
comparison purposes, the gray lines in the graphs concerning MCF-10A, MCF-7, and MDA-MB-231 
illustrate the expression profiles obtained from the microarray data, which were scaled to the 
expression profile obtained from RT-qPCR assays. Dashed gray lines at 12 h and 40 h were added to 
show the period in which profiles were measured by microarray. 

The miR-769-3p displayed significant rhythmicity in MCF-7 and MDA-MB-231, both of which 
featured MetaCycle p-values close to 0.02 and demonstrated profiles consistent with those obtained 
from the microarray (see Figure 4A). The miR-222-5p displayed significant rhythmic expression in 
MCF-10A and MCF-7 (MetaCycle p-values of 0.017 and 0.049, respectively) and profiles consistent 
with the microarray results (see Figure 4B). These miRNAs were also evaluated in the remaining 
three breast cell lines and demonstrated non-significant rhythmicity (data not shown). The miR-
548ay-3p exhibited the expected rhythmic expression in MCF-10A and MDA-MB-231 cells 
(MetaCycle p-value = 0.021 and 0.0026, respectively), but not in MCF-7 cells (Figure 5). However, it 
displayed significant rhythmicity in ZR-7530 and HCC-1954 (MetaCycle p-values of 5.51 × 10−7 and 
0.0039, respectively). Additionally, we observed that mir-548ay-3p exhibited large-scale peaks of 
expression in MCF-10A and ZR-7530, with, interestingly, opposite profiles (Figure 5). See Table 1 for 
the rhythmic features and statistical significance of the six miRNAs determined by validation. 

Figure 3. Expression profiles of miR-141-5p, miR-1225-5p, and miR-17-5p across breast cell lines as
determined by RT-qPCR. Their rhythmic expression was evaluated by RT-qPCR in serum-shocked
MCF-10A, MCF-7, MDA-MB-231, ZR-7530, and HCC-1954 cells over 48 h (4 h intervals). (A) miR-141-5p
exhibits rhythmic profiles in MCF-10A, MCF-7 and HCC-1954 cells; (B) miR-1225-5p exhibits rhythmic
profiles in ZR-7530 and HCC-1954 cells; (C) miR-17-5p exhibits rhythmic profiles in MDA-MB-231 and
HCC-1954 cells. Data points (means of three biological replicates ± standard error of the mean (SEM))
were normalized using miR-106a-5p relative to the first time point (t = 0). The p-value and period
values of rhythmic profiles were obtained from the MetaCycle analysis and are illustrated at the top of
each plot. Expression profiles with p-values less than 0.05 were considered rhythmic. For comparison
purposes, the gray lines in the graphs concerning MCF-10A, MCF-7, and MDA-MB-231 illustrate the
expression profiles obtained from the microarray data, which were scaled to the expression profile
obtained from RT-qPCR assays. Dashed gray lines at 12 h and 40 h were added to show the period in
which profiles were measured by microarray.

The miR-769-3p displayed significant rhythmicity in MCF-7 and MDA-MB-231, both of which
featured MetaCycle p-values close to 0.02 and demonstrated profiles consistent with those obtained
from the microarray (see Figure 4A). The miR-222-5p displayed significant rhythmic expression in
MCF-10A and MCF-7 (MetaCycle p-values of 0.017 and 0.049, respectively) and profiles consistent with
the microarray results (see Figure 4B). These miRNAs were also evaluated in the remaining three breast
cell lines and demonstrated non-significant rhythmicity (data not shown). The miR-548ay-3p exhibited
the expected rhythmic expression in MCF-10A and MDA-MB-231 cells (MetaCycle p-value = 0.021 and
0.0026, respectively), but not in MCF-7 cells (Figure 5). However, it displayed significant rhythmicity
in ZR-7530 and HCC-1954 (MetaCycle p-values of 5.51 ⇥ 10�7 and 0.0039, respectively). Additionally,
we observed that mir-548ay-3p exhibited large-scale peaks of expression in MCF-10A and ZR-7530,
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with, interestingly, opposite profiles (Figure 5). See Table 1 for the rhythmic features and statistical
significance of the six miRNAs determined by validation.
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cells over 48 h (4 h intervals). (A) Rhythmic profiles of miR-769-3p obtained from microarray and RT-
qPCR assays in MCF-7 and MDA-MB-231 cells; (B) Rhythmic profiles of miR-222-5p obtained from 
microarray and RT-qPCR assays in MCF-10A and MCF-7 cells. Data points (means of three biological 
replicates ± SEM) were normalized using miR-106a-5p relative to the first time point (t = 0). The p-
values and period values of rhythmic profiles were obtained from MetaCycle analysis and are 
illustrated at the top of each plot. Expression profiles with p-values less than 0.05 were considered 
rhythmic. For comparison purposes, the more lightly colored lines illustrate the expression profiles 
obtained from microarray assays, which were scaled to the expression profiles obtained from RT-
qPCR assays. Dashed gray lines at 12 and 40 h were added to show the periods in which the profiles 
were measured by microarrays. 

Figure 4. Expression profiles of miR-769-3p and miR-222-5p in three breast cell lines. Rhythmic
expression was evaluated using RT-qPCR in serum-shocked MCF-10A, MCF-7, and MDA-MB-231
cells over 48 h (4 h intervals). (A) Rhythmic profiles of miR-769-3p obtained from microarray and
RT-qPCR assays in MCF-7 and MDA-MB-231 cells; (B) Rhythmic profiles of miR-222-5p obtained
from microarray and RT-qPCR assays in MCF-10A and MCF-7 cells. Data points (means of three
biological replicates ± SEM) were normalized using miR-106a-5p relative to the first time point (t = 0).
The p-values and period values of rhythmic profiles were obtained from MetaCycle analysis and are
illustrated at the top of each plot. Expression profiles with p-values less than 0.05 were considered
rhythmic. For comparison purposes, the more lightly colored lines illustrate the expression profiles
obtained from microarray assays, which were scaled to the expression profiles obtained from RT-qPCR
assays. Dashed gray lines at 12 and 40 h were added to show the periods in which the profiles were
measured by microarrays.
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evaluated using RT-qPCR in serum-shocked MCF-10A, MCF-7, MDA-MB-231, ZR-7530, and HCC-
1954 cells over 48 h (4 h intervals). Data points (means of three biological replicates ± SEM) were 
normalized using miR-106a-5p relative to the first time point (t = 0). The p-values and period values 
of rhythmic profiles were obtained from MetaCycle analysis and are illustrated at the top of each plot. 
For comparison purposes, the gray line illustrates the expression profiles obtained from microarray 
assays, which were scaled to the expression profiles obtained from RT-qPCR assays. Dashed gray 
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Figure 5. Expression profiles of miR-548ay-3p across breast cell lines. Rhythmic expression was
evaluated using RT-qPCR in serum-shocked MCF-10A, MCF-7, MDA-MB-231, ZR-7530, and HCC-1954
cells over 48 h (4 h intervals). Data points (means of three biological replicates ± SEM) were
normalized using miR-106a-5p relative to the first time point (t = 0). The p-values and period values of
rhythmic profiles were obtained from MetaCycle analysis and are illustrated at the top of each plot.
For comparison purposes, the gray line illustrates the expression profiles obtained from microarray
assays, which were scaled to the expression profiles obtained from RT-qPCR assays. Dashed gray lines
at 12 and 40 h were added to show the period in which the profiles were measured by microarrays.
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Table 1. Rhythmic features of the miRNA expression profiles obtained over 48 h from the MetaCycle
algorithm for non-tumorigenic and tumorigenic breast cell lines.

miRNA p-Value Period (h) Phase (h) Amplitude

MCF-10A

hsa-miR-141-5p 0.0239 * 20.72 19.97 2.3
hsa-miR-1225-5p 0.9901 26.91 9.12 0.71
hsa-miR-17-5p 0.9659 27.06 4.73 3.79
hsa-miR-769-3p 0.9439 25.33 6.79 1.95
hsa-miR-222-5p 0.0174 * 20.02 0.40 3.91

hsa-miR-548ay-3p 0.0219 * 21.33 20.56 3.2

MCF-7

hsa-miR-141-5p 0.0012 * 20.34 17.88 1.06
hsa-miR-1225-5p 0.9526 28.67 1.53 0.89
hsa-miR-17-5p 0.9050 25.04 19.81 2.24
hsa-miR-769-3p 0.0205 * 20.19 2.26 1.2
hsa-miR-222-5p 0.0492 * 22.75 13.95 0.94

hsa-miR-548ay-3p 0.6690 23.87 1.99 1.63

MDA-MB-231

hsa-miR-141-5p 0.9372 22.46 13.76 0.99
hsa-miR-1225-5p 0.6841 25.33 4.72 0.99
hsa-miR-17-5p 0.0018 * 24.90 20.16 3.53
hsa-miR-769-3p 0.0214 * 22.09 19.90 2.55
hsa-miR-222-5p 0.7651 25.80 7.37 1.06

hsa-miR-548ay-3p 0.0027 * 22.73 1.09 1

ZR-7530

hsa-miR-141-5p 0.2357 24.52 15.42 3.68
hsa-miR-1225-5p 0.0079 * 24.69 13.19 1.6
hsa-miR-17-5p 0.6695 25.47 16.15 2.69
hsa-miR-769-3p 0.9661 28.67 14.22 1.76
hsa-miR-222-5p 0.1897 27.15 7.89 2.24

hsa-miR-548ay-3p 0.00001 * 24.56 12.47 2.63

HCC-1954

hsa-miR-141-5p 0.0411 * 23.28 9.51 4.35
hsa-miR-1225-5p 0.0373 * 23.99 21.86 1
hsa-miR-17-5p 0.0380 * 22.32 8.14 7.87
hsa-miR-769-3p 0.9610 21.33 18.46 4.65
hsa-miR-222-5p 0.9907 28.67 7.65 6.22

hsa-miR-548ay-3p 0.0040 * 23.64 21.33 1.36

* p < 0.05 around 24 h.

2.5. Identification of the Target mRNAs in a Group of miRNAs

After the six miRNAs were validated, we sought their gene targets in multiMiR [28]. It lists the
gene targets that were experimentally validated for each miRNA. Of the six miRNAs, only miR-17-5p
revealed targets (343 genes in total). We then performed an enrichment analysis using the Reactome
enrichment tool, which identified 200 enriched pathways (see Supplementary Table S4). We observed
the circadian clock pathways (p = 0.0027, FDR = 0.049, rank = 51) of five genes, MEF2D, PPP1CA,
NPAS2, PER1, and RPS27A.

3. Discussion

The circadian system is responsible for cell-signaling processes during periods of about 24 h
whose disruption might be associated with transcriptional and post-transcriptional changes in normal
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and tumorigenic tissues [29]. In this system, BMAL1 and PER2 proteins play a critical role in
the functioning of the molecular clock. BMAL1 (also known as ARNTL) and its partner CLOCK
comprise a core transcription complex that is needed to generate circadian oscillations in cells [30].
PER2 directly and rhythmically binds to this complex to drive the circadian negative feedback
loop [31]. These components are necessary for regulation of circadian rhythms within individual
non-tumorigenic cells.

To further understand the circadian clock at the molecular level, the scientific community has
begun to explore the non-coding class of small RNAs known as miRNAs, which regulate gene
expression [32]. There is evidence that some miRNAs display rhythmic changes in expression over
certain periods in mice and rats [15–17]. Hence, we sought to explore the expression changes of
miRNAs by a 48 h time-course study after serum shock entrainment of human non-tumorigenic
and tumorigenic breast cell lines regardless BMAL and PER2 status. To determine if there are
miRNAs that may exhibit rhythmic fluctuation across breast cell lines, we first entrained the cell
cultures and measured the temporal expression of BMAL1 and PER2 genes to assess the status of the
circadian system. These genes displayed the circadian characteristic expression profiles in MCF-10A
(non-tumorigenic), but not in the remaining breast cell lines assayed, as previously reported [9–11].
Moreover, the association between disrupted circadian rhythm and cancer is well known [33]. Despite
this, we have previously reported some coding genes expressed rhythmically in clock-defective breast
cell lines [11]. We confirmed the pattern for SERPINB1 in MCF-7 cells [11]. This evidence suggests
that may exist alternative mechanisms that induce rhythmic, but further investigation is required to
elucidate this hypothesis.

Diverse post-transcriptional mechanisms have been reported to regulate the circadian clock in
mammalian cells [12]. The regulatory function of miRNAs, especially regarding circadian expression,
was observed in clock genes [34] and the liver transcriptome [18] of mammalian cells. However,
it is still unknown if miRNAs display a rhythmicity feature in non-tumorigenic and tumorigenic
cell lines. Prior to identifying these miRNAs, we confirmed that our data results are not random by
contrasting the distributions of the rhythmic features calculated from experimental data with those
in data without a biological structure (patternless and randomized). The RCWB method changed
noticeably the structure of the experimental data. The results can be explained by the simultaneous
shuffling of columns and rows in two separate blocks to ensure a lack of intrinsic pattern in the
data [26]. Biologically, it might be justified by the assumption that miRNAs feature diverse temporal
patterns of expression [35], such as starting and ending expressions with slow peaks or dampened
expression. Therefore, our results suggest that short time course data should be randomized using
an appropriate method, such as RCWB, to achieve more accurate null distributions [26]. We believe
that our validation of miRNA profiles using RT-qPCR is the best evidence that microarray data are
not random.

Rhythmic miRNAs were classified based on cosine correlation, period, amplitude, and phase
reaching a total of 143, 183, and 147 miRNAs identified for MCF-10A, MCF-7, and MD-MBA-231,
respectively. These results showed that less than 10% of miRNAs maintained rhythmicity across
distinct breast cell lines, consistent with the hypothesis that the expression of miRNAs depends on the
origin of the breast cells [36]. Notably, some rhythmic miRNAs display distinct phases across cell lines
(observed in Figures 3–5). Phase changes have been also observed in clock genes in liver and kidney
tissues from mice with colorectal liver metastases [37]. Although miRNAs in these conditions have not
yet been explored, our observations suggest that shifts in phases are common depending on the cell
type origin.

Our analysis identified 9 miRNAs that exhibit rhythmicity in both MCF-10A and MCF-7, but at
different phases. This suggests that both cell lines have distinct internal timing in biological processes,
likely due to their estrogen receptor (ER) status, which is over-expressed in MCF-7 cells and involved
in circadian molecular machinery [38]. In addition, 8 miRNAs were determined to exhibit rhythmicity
in both MCF-10A and MDA-MB-231 also with shifts in phases, nevertheless estrogen receptor is
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unlikely to be involved in MDA-MB-231 due to its feature of low ER expression. Moreover, 11 miRNAs
found in both MCF-7 and MDA-MB-231 also exhibited shifts in phases. This may be due to their
subtype of breast cancer or ER status, MCF-7 (ER(+) and PR(+)), while MDA-MB-231 (ER(�), PR(�),
and HER2/neu(�)).

Next, we validated the rhythmic expression of six miRNAs that were present in one or more cell
lines using RT-qPCR across five breast cell lines. Overall, we observed that the non-validated miRNAs
profiles were mostly associated with short amplitudes in the microarray results. This issue often arises
in validation assays [39]. Apparently, the short amplitudes may be noise instead of a rhythmic signal.
From the miRNAs that exhibited rhythmicity in the microarray results, the miR-141-5p that exhibited
rhythmicity only for MCF-10A was also detected in MCF-7 and HCC-1954 by RT-qPCR. The fact that
these three breast cell lines with distinct features share this miRNA rhythmicity is intriguing and
should be further studied. Notably, one study reported that miR-141-5p showed circadian expression
in rat enterocytes [17]. We also found that miR-1225-5p, which was observed in the microarray analysis
in MCF-7 was not validated by RT-qPCR, but surprisingly, the profile of miR-1225-5p seems rhythmic
in ZR-7530 and HCC-1954 cells although at low amplitudes, suggesting randomness. The miR-17-5p
exhibited rhythmic expression in MDA-MB-231 and HCC-1954. Interestingly, both cell lines are
negative for ER and PR, but differ in terms of ERBB2 (HER2/neu) expression. Thus, the rhythmicity
exhibited in both cell lines appears to be beyond the biological function of the receptor tyrosine-kinase.
Additionally, this miRNA is a member of the well-known miR-17/92 cluster, which is largely related to
breast cancer as an oncogene and tumor suppressor [40,41]. We also noted that miR-17-5p has potential
343 targeted mRNAs, five genes of which (MEF2D, PPP1CA, NPAS2, PER1, and RPS27A) are involved
in the circadian clock pathway (p = 0.0027). Interestingly, a recent study found that miR-17-5p stabilizes
the circadian clock period by inhibiting the translation of Clock and Npas2 in mice [42]. These results
are encouraging and propose that the other miRNAs identified in the same way than mir-17-5p may
play a potential role in rhythmicity. Nevertheless, further investigation is required to validate the
remaining molecular associations.

Additionally, we validated the microarray results identifying miRNAs that exhibit shared
rhythmicity among MCF-10A, MCF-7, and MDA-MB-231. The miR-769-3p displayed similar rhythmic
profiles for MCF-7 and MDA-MB-231. However, the temporal expression of this miRNA for MCF-7
exhibited lower amplitude. These results agrees with evidence showing that miRNA biogenesis
is altered in cells with ER↵ over-expression [43], while MDA-MB-231 are ER↵-negative cells that
presumably have different miRNA expression. Taken together, this evidence suggests that both cell
lines share some inner mechanisms, despite the fact that they are distinct subtypes of breast cancer.
The miR-222-5p displayed rhythmicity in MCF-10A and MCF-7 with markedly distinct amplitudes.
Previous studies reported that miR-222-5p plays a role in the regulation of ER↵ expression in breast
cancer cells by promoting the transition from ER-positive to ER-negative tumors during the progression
of cancer [44] and related to circadian clock outputs [45]. Taken together, this evidence suggests that
miR-222-5p expressionmay participate in different mechanisms between both breast cell lines unknown
as of yet. The rhythmic expression of miR-548ay-3p was validated in MCF-10A and MDA-MB-231,
but not in MCF-7. Interestingly, it also exhibited rhythmic patterns in ZR-7533 and HCC-1954. To date,
no studies have investigated this miRNA because it was discovered only recently [46].

In general, stimuli (e.g., drugs, hormones)—in this case serum shock—might exert transcriptional
control (induction) over coding and non-coding genes (see Figure 6), which further play roles in
specific cell functions or as a feedback loop in the circadian system. For coding genes, the mechanisms
are well known [47]. In breast cell lines, we have previously observed similar number of rhythmic
coding genes but at different amplitudes [11]. In this work, we have shown the miRNA may also be
rhythmic. It is unknown how this emerges, what is their contribution to tune specific cell functions,
or their possible role in the feedback loop. Our data may contribute in this direction.
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Continuous lines between concepts represent known facts. Dashed lines represent unknown
information. Particularly, derived from our study it is still unknown what could be the role of rhythmic
miRNAs to specific cell function and to circadian control. Circadian control inspired in [47].

4. Materials and Methods

4.1. Cell Lines and Culture Procedures

The breast cell lines MCF-10A (ATCC® CRL-110317™), MCF-7 (ATCC® HTB-22™), andHCC-1954
(ATCC® CRL-2338™) were purchased from the American Type Culture Collection (ATCC®, Rockville,
MD, USA). MDA-MB-231 and ZR-75-30 cell lines were donated by Nadia Jacobo Herrera from
Instituto Nacional de Ciencias Médicas y Nutrición “Salvador Zubirán” in Mexico City, Mexico.
Non-tumorigenic human breast cells (MCF-10A) were grown in Mammary Epithelial Basal Medium®

supplemented with SingleQuots® from the MEGM® BulletKit® (Lonza, Walkersville, MD, USA).
The tumorigenic breast cell lines, ZR-75-30 and HCC-1954, were grown in Gibco® Roswell
Park Memorial Institute (RPMI)-1640 medium (Thermo Fisher Scientific, Grand Island, NY, USA)
supplemented with 10% and 15% heat-inactivated Gibco® Fetal Bovine Serum (FBS) (Thermo Fisher
Scientific), respectively. The MCF-7 and MDA-MB-231 cell lines were grown in Gibco® Dulbecco’s
Modified Eagle Medium, which features a nutrient mixture of D-MEM and F-12 (Thermo Fisher
Scientific), supplemented with 10% heat-inactivated FBS. Each culture medium was supplemented
with Gibco® Penicillin-Streptomycin antibiotics (Thermo Fisher Scientific). Cell cultures were grown
at 37 �C with 5% CO2 and 95% air in a humidified incubator.

4.2. Serum Shock Synchronization

Cells were seeded in six-well plates and until they reached near-confluence. Then, cells were
synchronized using the serum shock procedure [10]. One day before serum shock, the plates with
confluent cells were washed and left overnight in serum-free basal medium (starvation). RPMI-1640
was the basal medium for the ZR-75-30 and HCC-1954 cells, while D-MEM/F-12 was used for the
MCF-10A, MCF-7, andMDA-MB-231 cells. After overnight starvation, the mediumwas exchanged with
the appropriate basal medium, which contained 50% horse serum (Biowest, Mountain View, CA, USA).
After incubation for 2 h at 37 �C, the medium was replaced with a serum-free basal medium. At this
time (time zero), we started to harvest cells every 4 h for 48 h. Time samples were collected separately
to confirm synchronization (by duplicate) and miRNA expression (by triplicate; two wells of a six-well
plate were merged to make one replicate). This protocol was performed for all breast cell lines.
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4.3. Total RNA Purification for mRNA and miRNA Expression

Time samples obtained to confirm synchronization were directly lysed by 400 µL of TRI Reagent®

(Sigma-Aldrich, St. Louis, MO, USA) to achieve total RNA isolation according to the manufacturer’s
instructions. The total RNA was purified using 3 M sodium acetate, with a pH of 5.2 (1/10 volume),
and 2.5 volumes of cold 100% ethanol. The mixture was incubated at �80 �C for 30 min. Next,
the mixture was centrifuged at 13,500⇥ g for 30 min, washed with 1 mL of 75% ethanol, and then
dried and re-suspended in pre-warmed nuclease-free water. We then measured the yield and purity of
the purified total RNA using NanoDrop 1000 (Thermo Fisher Scientific).

Time samples obtained for miRNA expression were disassociated with 0.4% Trypsin-EDTA
(BioVision, Milpitas, CA, USA) and washed with basal medium 2–3 times. Then, the cell pellets
were immediately processed to collect cytosolic fractions using the Nuclear/Cytosol Extraction Kit
(BioVision) according to the manufacturer’s instructions. These fractions were stored at �70 �C.
Next, we isolated total RNA from cytosolic time fractions using the MIRVANA miRNA Ambion®

Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. The RNA from cytosolic
fractions (cyRNA) was purified using 3 M sodium acetate at a pH of 5.2 (1/10 volume) and 2.5 volumes
of cold 100% ethanol. Then, the mixture was incubated at �70 �C for 30 min. Next, the mixture was
centrifuged at 13,500⇥ g for 30 min, washed with 1 mL of 70% ethanol, dried, and re-suspended
in pre-warmed nuclease-free water. We then measured the yield and purity of the cyRNA using
NanoDrop 1000 (Thermo Fisher Scientific). In addition, cyRNA samples were assessed using an RNA
HighSense Analysis Kit (Bio-Rad Laboratories, Irvine, CA, USA) in Experion (Bio-Rad Laboratories) in
order to ensure the quality of RNA (RIN, RNA integrity number) for microarray hybridization assays.

4.4. Quantitative RT-qPCR for mRNA Expression

Reverse transcription of mRNA to cDNA was carried out with 400 ng of total RNA using an
AffinityScriptMulti-Temperature cDNAsynthesis kit (Agilent Technologies, SantaClara, CA,USA) according
to the manufacturer’s instructions. Next, qPCR was carried out using the Applied Biosystems®

StepOne™ Real-Time PCR System (Thermo Fisher Scientific). The reaction involved 20 ng of cDNA,
200 nM of forward and reverse primers for circadian clock genes, BMAL1, and PER2, and one rhythmic
gene for MCF-7, SERPINB1, which we described in a previous study [11] (Table 2), 1⇥ Brilliant II Fast
SYBR® Green qPCR Master Mix (Agilent Technologies), 300 nM passive reference dye, and molecular
grade water to reach a final volume of 12 µL. The initial activation step was performed at 95 �C for 3 m,
then a cycling programwas begun, which involved denaturing at 95 �C for 6 s and annealing/extension
at 60 �C for 12 s, and a melting curve analysis was performed to ensure the efficiency of the reaction.
Relative expression was calculated using the DDCt method [48] with GAPDH serving as the reference
gene for normalization. The expression level of each biological replicate was calculated separately and
averaged, and the SEM was calculated for each time point. The relative expression results of each gene
were plotted over 48 h at 4 h intervals.

Table 2. List of primers for clock genes.

Gene Primer Sequence (5
0!3

0
) NCBI RefSeq

BMAL1
Forward CATTGTGCACAGAAGCATCA

NM_001178.4Reverse ACAAGGAAGAATAAACGGCTTT

PER2
Forward TGCCAAAATCTTACTCTGCTG

NM_022817.2Reverse GGCATCACGTAAACAAATTCA

SERPINB1
Forward AGGTTCATTCAAGATTCCAGAGT

NM_030666.3 70Reverse AGTTTCAGAATATAAGACGCTCCA

GAPDH
Forward AGCCACATCGCTCAGACAC

NM_002046.4Reverse TGGCAACAATATCCACTTTACCAGA
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4.5. Microarray Processing and Analysis

The miRNAs’ temporal expression was profiled using a Human miRNA Microarray 8 ⇥ 60 K
Kit (Agilent Technologies), which contained 2006 human miRNAs, based on miRBase Release 19.0
(http://www.mirbase.org/). These assays were performed using cyRNA time samples during a period
of 28 h (hours 12–40 of the 48 h study) because they show the beginning of gene-sustained oscillations
in living cells upon serum shock [23,49]. Thus, we used two slides (eight arrays per slide) for to
profiling MCF-10A, MCF-7, and MDA-MB-231.

In total, 100 ng of cyRNA time samples was used for hybridization with miRNA complete
labeling and the Hyb Kit (Agilent Technologies) according to the manufacturer’s instructions.
The first slide was hybridized with cyRNA time samples from MCF-10A labeled with Cy3
fluorochrome, while cyRNA time samples from MCF-7 and MDA-MB-231 were labeled with Cy3 and
pCp (Cytidine-50-phosphate-30-(6-aminohexyl)phosphate)-Cy5 (277 µM) fluorochromes, respectively,
and hybridized with the second slide, according to the manufacturer’s instructions [50]. Next,
standard washing procedures and hybridization with microarray slides were performed according to
the manufacturer’s instructions. Slides were scanned using the GenePix® 4000B Microarray Scanner
(Molecular Devices, Downingtown, PA, USA) with GenePix® Pro 6.0.1.25 Acquisition and Analysis Software
(Molecular Devices). The GenePix® results (GPR) files were imported into the software R, version 2.12.2
(http://www.R-project.org). Spot intensities were background subtracted using the Linear Models for
Microarray Data package (Limma, version 3.20.5, https://bioconductor.org/packages/limma/) [51,52].
The miRNA array contained an average of 30 replicates per probe sequence, with a total of 60,000
unique features and controls. The data were normalized between arrays by quantile normalization and
log10 transformed, and the median was applied to the replicated probes [53]. The miRNA expression
data contains one to four different probes associated with each miRNA, which were considered
individually for further analysis. However, miRNAs were selected for validation based on restrictive
parameters, as described in Section 4.6. The miRNA microarray data will be submitted to GEO NCBI.

4.6. Identification of miRNAs with Rhythmic Expression

The miRNAs with rhythmic patterns were identified by analyzing miRNA expression over
28 h (hours 12–40 of the 48 h study) for MCF-10A, MCF-7, and MDA-MB-231. Firstly, data was
arranged from 0–28 h in order to perform the cosine-fitting algorithm. This interval, which avoids the
first 12 h, is appropriate for identifying miRNAs with robust rhythmicity [49]. The cosine function
is defined as g = b ⇥ cos(w ⇥ t + j), where the cosine parameters b, w, and j were limited to
[0, 30], [0, ⇡], and [�2⇡, 2⇡], respectively. The cosine fitting function was evaluated by comparing
the distributions of the cosine correlations, periods, and phases in the experimental and randomized
data. Afterward, restrictive values for amplitude, period, and cosine correlation were selected to
identify rhythmic miRNAs. These values were r > 0.82 for cosine correlation, 0.22–0.29 for period, and
>0.045 for amplitude. The miRNAs that fulfilled those parameters were grouped using hierarchical
clustering (ward agglomeration) to identify miRNAs with similar phases. Next, miRNAs were
selected for confirmation using RT-qPCR. They were chosen if they featured cosine-fitting correlation
values of r were close to 1, a period of about 24 h, and a high amplitude value. Additionally, we
restricted the selection of miRNAs for longer probe sequences, lengths of at least 15 nt, and/or
high correlation among probes that belong to the selected miRNA. These parameters were used
to ensure the reproducibility of the RT-qPCR assays [54]. Finally, the newly developed MetaCycle
package (version 1.0.0; https://github.com/gangwug/MetaCycleV100.git) was used to confirm the
significance of the periodicity and rhythmicity of the miRNAs validated by RT-qPCR [27]. The miRNAs
that exhibited p-values of less than 0.05 were considered rhythmic. All the statistical analyses were
performed using R programming language.
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4.7. Quantitative RT-qPCR for miRNA Expression

Reverse transcription of cyRNA time samples (performed separately in triplicate) was conducted
using miRNA-specific stem-loop RT primers (see Table 3), which featured a 30 overhang of 6 or 7
nucleotides complementary to the 30 portion of the associated mature miRNA sequence [55]. We made
a pool of seven stem-loop RT primers that included one endogenous control at 10 nM, allowing
simultaneous reverse transcriptions in one tube [56]. Reverse transcriptase reactions contained
200 ng of cyRNA, a stem-loop RT primer pool, and reagents from a TaqMan MicroRNA Reverse
Transcription Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. A negative
control (no template) was included in all reactions.

Next, we performed pre-amplification of cDNA prior to quantification [57,58]. We facilitated two
separate pre-amplification reactions using two miRNA primer pools. The first primer pool contained
miR-1225-5p, miR-548ay-3p, and miR-769-3p, and the second contained miR-141-5p, miR-222-5p, and
miR-17-5p. Both pools included miR-106a-5p as an endogenous control. For each reaction, 3 µL of
cDNA, 100 nM of the miRNA primer pool (forward primers), 12.5 µL of 2⇥ Universal Master Mix with
no UNG (Thermo Fisher Scientific), 1 uM of universal reverse primer, 1 µL of 5 U/µL AmpliTaq Gold
(Promega Corp, Madison, WI, USA), 0.5 µL of 100 mM dNTPs (Promega Corp), 0.5 µL of 100 mM
MgCl2 (Promega Corp), and molecular grade water were used to achieve a final volume of 25 µL.
Regarding the temperature profile of the reaction, incubation at 95 �C for 10 m, was followed by
incubation at 55 �C for 2 m and 14 cycles of 95 �C for 1 s and 65 �C for 1 m. A negative pre-amplified
control (no-cDNA) was included. Next, both pre-amplified cDNAs were diluted 10 times using
molecular grade water and stored at �20 �C before further processing.

Finally, the qPCR was run using an Applied Biosystems® StepOne™ Real-Time PCR System
(Thermo Fisher Scientific). Seven miRNAs were profiled using 1X Brilliant II Fast SYBR® Green qPCR
Master Mix (Agilent Technologies). The reaction consisted of 1 µL of pre-amplified cDNA, 150 nM
of forward and reverse primers (Table 3), 300 nM of passive reference dye, and molecular grade
water to achieve a final volume of 12 µL. The following three-step cycling program was used: 95 �C
for 3 min and 40 cycles of 95 �C for 6 s, 55 �C for 12 s, and 70 �C for 10 s. Melting curves were
performed to ensure an efficient reaction. The relative expression was calculated using the DDCt [48],
with miR-106a-5p used for normalization [15]. The level of expression of each biological replicate was
calculated separately and averaged, and the SEM was calculated for each time point. The relative
expression results of each miRNA were plotted over 48 h at 4 h intervals.

Table 3. List of primers for miRNA validation.

miRNA Primer Sequence (5
0!3

0
)

Mature Accession

Number

hsa-miR-141-5p Stem-loop GTC GTA TCC AGT GCA GGG TCC GAG
GTA TTC GCA CTG GAT ACG AC TCCAAC MIMAT0004598

Forward CAC GCA CAT CTT CCA GTA C

hsa-miR-1225-5p Stem-loop GTC GTA TCC AGT GCA GGG TCC GAG
GTA TTC GCA CTG GAT ACG AC CCCCCC MIMAT0005572

Forward CAACAGTGGGTACGGCCCA

hsa-miR-17-5p Stem-loop GTC GTA TCC AGT GCA GGG TCC GAG
GTA TTC GCA CTG GAT ACG AC CTACCT MIMAT0000070

Forward CAC GCA CAA AGT GCT TAC A

hsa-miR-769-3p Stem-loop GTC GTA TCC AGT GCA GGG TCC GAG
GTA TTC GCA CTG GAT ACG AC AACCAA MIMAT0003887

Forward CAA CAC TGG GAT CTC CGG
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Table 3. Cont.

miRNA Primer Sequence (5
0!3

0
)

Mature Accession

Number

hsa-miR-222-5p Stem-loop GTC GTA TCC AGT GCA GGG TCC GAG
GTA TTC GCA CTG GAT ACG AC AGGATC MIMAT0004569

Forward CAG CAC TCA GTA GCC AGT

hsa-miR-548ay-3p Stem-loop GTC GTA TCC AGT GCA GGG TCC GAG
GTA TTC GCA CTG GAT ACG AC TGCAAG MIMAT0025453

Forward CAG CAC AAA ACC GCG AT

hsa-miR-106a-5p
Stem-loop GTC GTA TCC AGT GCA GGG TCC GAG

GTA TTC GCA CTG GAT ACG AC GCTACC
MIMAT0000103

Forward CAC GCA AAAAGTGCTTACAGT

Universal TCG TA TCC AGT GCA GGG T

4.8. Identification of Targeted mRNAs and Pathway Analysis

The MultiMiR package (version 1.0.1; http://multimir.ucdenver.edu/) was established to identify
targeted miRNAs that were experimentally validated [28]. The Reactome pathway analysis tool
(www.reactome.org/PathwayBrowser/#TOOL=AT) was used to perform annotation enrichment
analysis using lists of targeted mRNAs [59].

5. Conclusions

Our results indicate that serum shock entrainment of breast cell lines induces rhythmic fluctuations
in some miRNAs. Additionally, some miRNAs exhibit different expression profiles across breast cell
lines, which suggests that tumorigenic and non-tumorigenic cells respond differently to serum shock
in terms of transcription. Our results indirectly link the hypothesis that miRNAs may play a potential
role in circadian architecture of breast cells. Further studies are required to understand the possible
effects of the rhythmicity of miRNAs in breast cells and determine whether they can be used as
potential biomarkers.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/7/1499/s1.
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