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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.
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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, and miRNA 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 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).

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



Int. J. Mol. Sci. 2017, 18, 1499 4 of 19

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,
and MDA-MB-231 to identify putative miRNA with 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 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).
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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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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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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 ERα over-expression [43], 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 with markedly distinct amplitudes.
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 [44] and related to circadian clock outputs [45]. 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. 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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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™), and HCC-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, and MDA-MB-231 cells. After overnight starvation, the medium was 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
AffinityScript Multi-Temperature cDNA synthesis kit (Agilent Technologies, Santa Clara, 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 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.
Relative expression was calculated using the ∆∆Ct 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′→3′) 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-5′-phosphate-3′-(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 = β × cos(ω × t + ϕ), where the cosine parameters β, ω, and ϕ were limited to
[0, 30], [0, π], and [−2π, 2π], 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.

http://www.mirbase.org/
http://www.R-project.org
https://bioconductor.org/packages/limma/
https://github.com/gangwug/MetaCycleV100.git
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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 3′ overhang of 6 or 7
nucleotides complementary to the 3′ 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 ∆∆Ct [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′→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
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Table 3. Cont.

miRNA Primer Sequence (5′→3′) 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.

Acknowledgments: The authors would like to thank Ana Cristina González and Raul Cantú for their technical
support with RNA purification. Rafael Chacolla-Huaringa expresses his gratitude to the Mexican National Council
for Science and Technology (CONACyT) for the Ph.D. grant scholarship (#290649). This work was funded by
Cátedras de Hematologia y Cancer and Terapia Celular y Medicina Regenerativa, part of the Tecnológico de
Monterrey, Monterrey campus.

Author Contributions: Designed research: Rafael Chacolla-Huaringa and Sean-Patrick Scott. Performed experiments:
Rafael Chacolla-Huaringa. Analyzed data: Rafael Chacolla-Huaringa. Interpreted the results of experiments:
Rafael Chacolla-Huaringa, Victor Trevino, and Sean-Patrick Scott. Prepared figures: Rafael Chacolla-Huaringa.
Drafted manuscript: Rafael Chacolla-Huaringa. Edited and revised manuscript: Rafael Chacolla-Huaringa,
Jorge Moreno-Cuevas, Victor Trevino, and Sean-Patrick Scott. Approved final version of manuscript:
Rafael Chacolla-Huaringa, Jorge Moreno-Cuevas, Victor Trevino and Sean-Patrick Scott.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

BMAL1 also known arntl, aryl hydrocarbon receptor nuclear translocator like
PER2 Period circadian clock 2
SERPINB1 Serpin family B member 1
TL Time-label
RW Row-wise
CW Column-wise
RCW Row-column-wise
RCWB Row-column-wise by blocks

http://multimir.ucdenver.edu/
www.reactome.org/PathwayBrowser/#TOOL=AT
www.mdpi.com/1422-0067/18/7/1499/s1


Int. J. Mol. Sci. 2017, 18, 1499 17 of 19

References

1. Golombek, D.A.; Rosenstein, R.E. Physiology of circadian entrainment. Physiol. Rev. 2010, 90, 1063–1102.
[CrossRef] [PubMed]

2. Rana, S.; Mahmood, S. Circadian rhythm and its role in malignancy. J. Circadian Rhythm. 2010, 8, 1–13.
[CrossRef] [PubMed]

3. Garbarino-Pico, E.; Green, C.B. Posttranscriptional regulation of mammalian circadian clock output.
Cold Spring Harb. 2007, 72, 145–156. [CrossRef] [PubMed]

4. Buhr, E.D.; Takahashi, J.S. Molecular components of the Mammalian circadian clock. Handb. Exp. Pharmacol.
2013, 15, 3–27. [CrossRef]

5. Bray, M.S.; Young, M.E. Circadian rhythms in the development of obesity: Potential role for the circadian
clock within the adipocyte. Obes. Rev. 2007, 8, 169–181. [CrossRef] [PubMed]

6. Leibetseder, V.; Humpeler, S.; Svoboda, M.; Schmid, D.; Thalhammer, T.; Zuckermann, A.; Marktl, W.;
Ekmekcioglu, C. Clock genes display rhythmic expression in human hearts. Chronobiol. Int. 2009, 26, 621–636.
[CrossRef] [PubMed]

7. Gutierrez-Monreal, M.A.; Cuevas-Diaz, R.; Moreno-Cuevas, J.E.; Scott, S.P. A Role for 1α,
25-dihydroxyvitamin D3 in the expression of circadian genes. J. Biol. Rhythms 2014, 29, 384–388. [CrossRef]
[PubMed]

8. Harbour, V.L.; Weigl, Y.; Robinson, B.; Amir, S.; Brooks, A. Phase differences in expression of circadian
clock genes in the central nucleus of the amygdala, dentate gyrus, and suprachiasmatic nucleus in the rat.
PLoS ONE 2014, 9, e103309. [CrossRef] [PubMed]

9. Xiang, S.; Mao, L.; Duplessis, T.; Yuan, L.; Dauchy, R.; Dauchy, E.; Blask, D.E.; Frasch, T.; Hill, S.M. Oscillation
of clock and clock controlled genes induced by serum shock in human breast epithelial and breast cancer
cells: Regulation by melatonin. Breast Cancer 2012, 6, 137–150. [CrossRef] [PubMed]

10. Rossetti, S.; Esposito, J.; Corlazzoli, F.; Gregorski, A.; Sacchi, N. Entrainment of breast (cancer) epithelial
cells detects distinct circadian oscillation patterns for clock and hormone receptor genes. Cell Cycle 2012, 11,
350–360. [CrossRef] [PubMed]

11. Gutiérrez-Monreal, M.A.; Treviño, V.; Moreno-Cuevas, J.E.; Scott, S.-P. Identification of circadian-related
gene expression profiles in entrained breast cancer cell lines. Chronobiol. Int. 2016, 33, 392–405. [CrossRef]
[PubMed]

12. Kojima, S.; Green, C.B. Circadian genomics reveal a role for post-transcriptional regulation in mammals.
Biochemistry 2015, 54, 124–133. [CrossRef] [PubMed]

13. He, L.; Hannon, G.J. MicroRNAs: Small RNAs with a big role in gene regulation. Nat. Rev. Genet. 2004, 5,
522–531. [CrossRef] [PubMed]

14. Reddy, A.B.; Karp, N.A.; Maywood, E.S.; Sage, E.A.; Deery, M.; O’Neill, J.S.; Wong, G.K.Y.; Chesham, J.;
Odell, M.; Lilley, K.S.; et al. Circadian orchestration of the hepatic proteome. Curr. Biol. 2006, 16, 1107–1115.
[CrossRef] [PubMed]

15. Lee, K.H.; Kim, S.H.; Lee, H.R.; Kim, W.; Kim, D.Y.; Shin, J.C.; Yoo, S.H.; Kim, K.T. MicroRNA-185 oscillation
controls circadian amplitude of mouse cryptochrome 1 via translational regulation. Mol. Biol. Cell 2013, 24,
2248–2255. [CrossRef] [PubMed]

16. Kinoshita, C.; Aoyama, K.; Matsumura, N.; Kikuchi-Utsumi, K.; Watabe, M.; Nakaki, T. Rhythmic oscillations
of the microRNA miR-96-5p play a neuroprotective role by indirectly regulating glutathione levels.
Nat. Commun. 2014, 5, 3823. [CrossRef] [PubMed]

17. Balakrishnan, A.; Stearns, A.T.; Park, P.J.; Dreyfuss, J.M.; Ashley, S.W.; Rhoads, D.B.; Tavakkolizadeh, A.
MicroRNA mir-16 is anti-proliferative in enterocytes and exhibits diurnal rhythmicity in intestinal crypts.
Exp. Cell Res. 2010, 316, 3512–3521. [CrossRef] [PubMed]

18. Du, N.-H.; Arpat, A.B.; Matos, M.; De Gatfield, D. MicroRNAs shape circadian hepatic gene expression on a
transcriptome-wide scale. Elife 2014, 3, e02510. [CrossRef] [PubMed]

19. Gotoh, T.; Vila-Caballer, M.; Liu, J.; Schiffhauer, S.; Finkielstein, C.V. Association of the circadian factor Period
2 to p53 influences p53’s function in DNA-damage signaling. Mol. Biol. Cell 2015, 26, 359–372. [CrossRef]

20. Kochan, D.Z.; Ilnytskyy, Y.; Golubov, A.; Deibel, S.H.; McDonald, R.J.; Kovalchuk, O. Circadian
disruption-induced microRNAome deregulation in rat mammary gland tissues. Oncoscience 2015, 2, 428–442.
[CrossRef] [PubMed]

http://dx.doi.org/10.1152/physrev.00009.2009
http://www.ncbi.nlm.nih.gov/pubmed/20664079
http://dx.doi.org/10.1186/1740-3391-8-3
http://www.ncbi.nlm.nih.gov/pubmed/20353609
http://dx.doi.org/10.1101/sqb.2007.72.022
http://www.ncbi.nlm.nih.gov/pubmed/18419272
http://dx.doi.org/10.1007/978-3-642-25950-0_1
http://dx.doi.org/10.1111/j.1467-789X.2006.00277.x
http://www.ncbi.nlm.nih.gov/pubmed/17300281
http://dx.doi.org/10.1080/07420520902924939
http://www.ncbi.nlm.nih.gov/pubmed/19444745
http://dx.doi.org/10.1177/0748730414549239
http://www.ncbi.nlm.nih.gov/pubmed/25231949
http://dx.doi.org/10.1371/journal.pone.0103309
http://www.ncbi.nlm.nih.gov/pubmed/25068868
http://dx.doi.org/10.4137/BCBCR.S9673
http://www.ncbi.nlm.nih.gov/pubmed/23012497
http://dx.doi.org/10.4161/cc.11.2.18792
http://www.ncbi.nlm.nih.gov/pubmed/22193044
http://dx.doi.org/10.3109/07420528.2016.1152976
http://www.ncbi.nlm.nih.gov/pubmed/27010605
http://dx.doi.org/10.1021/bi500707c
http://www.ncbi.nlm.nih.gov/pubmed/25303020
http://dx.doi.org/10.1038/nrg1379
http://www.ncbi.nlm.nih.gov/pubmed/15211354
http://dx.doi.org/10.1016/j.cub.2006.04.026
http://www.ncbi.nlm.nih.gov/pubmed/16753565
http://dx.doi.org/10.1091/mbc.E12-12-0849
http://www.ncbi.nlm.nih.gov/pubmed/23699394
http://dx.doi.org/10.1038/ncomms4823
http://www.ncbi.nlm.nih.gov/pubmed/24804999
http://dx.doi.org/10.1016/j.yexcr.2010.07.007
http://www.ncbi.nlm.nih.gov/pubmed/20633552
http://dx.doi.org/10.7554/eLife.02510
http://www.ncbi.nlm.nih.gov/pubmed/24867642
http://dx.doi.org/10.1091/mbc.E14-05-0994
http://dx.doi.org/10.18632/oncoscience.157
http://www.ncbi.nlm.nih.gov/pubmed/26097876


Int. J. Mol. Sci. 2017, 18, 1499 18 of 19

21. Sempere, L.F.; Christensen, M.; Silahtaroglu, A.; Bak, M.; Heath, C.V.; Schwartz, G.; Wells, W.; Kauppinen, S.;
Cole, C.N. Altered microrna expression confined to specific epithelial cell subpopulations in breast cancer.
Cancer Res. 2007, 67, 11612–11620. [CrossRef] [PubMed]

22. Mulrane, L.; McGee, S.F.; Gallagher, W.M.; O’Connor, D.P. miRNA dysregulation in breast cancer. Cancer Res.
2013, 73, 6554–6562. [CrossRef] [PubMed]

23. Balsalobre, A.; Damiola, F.; Schibler, U.A. Serum shock induces circadian gene expression in mammalian
tissue culture cells. Cell 1998, 93, 929–937. [CrossRef]

24. Nagoshi, E.; Saini, C.; Bauer, C.; Laroche, T.; Naef, F.; Schibler, U. Circadian gene expression in individual
fibroblasts: Cell-autonomous and self-sustained oscillators pass time to daughter cells. Cell 2004, 119,
693–705. [CrossRef] [PubMed]

25. Futschik, M.E.; Herzel, H. Are we overestimating the number of cell-cycling genes? The impact of
background models on time-series analysis. Bioinformatics 2008, 24, 1063–1069. [CrossRef] [PubMed]

26. Kallio, A.; Vuokko, N.; Ojala, M.; Haiminen, N.; Mannila, H. Randomization techniques for assessing the
significance of gene periodicity results. BMC Bioinform. 2011, 12, 330. [CrossRef] [PubMed]

27. Wu, G.; Anafi, R.C.; Hughes, M.E.; Kornacker, K.; Hogenesch, J.B. MetaCycle: An integrated R package to
evaluate periodicity in large scale data. Bioinformatics 2016, 32, 3351–3353. [CrossRef] [PubMed]

28. Ru, Y.; Kechris, K.J.; Tabakoff, B.; Hoffman, P.; Radcliffe, R.A.; Bowler, R.; Mahaffey, S.; Rossi, S.; Calin, G.A.;
Bemis, L.; Theodorescu, D. The multiMiR R package and database: Integration of microRNA–target
interactions along with their disease and drug associations. Nucleic Acids Res. 2014, 42, 133. [CrossRef]
[PubMed]

29. Sahar, S.; Sassone-Corsi, P. Metabolism and cancer: The circadian clock connection. Nat. Rev. Cancer 2009, 9,
886–896. [CrossRef] [PubMed]

30. Xu, H.; Gustafson, C.L.; Sammons, P.J.; Khan, S.K.; Parsley, N.C.; Ramanathan, C.; Lee, H.W.; Liu, A.C.;
Partch, C.L. Cryptochrome 1 regulates the circadian clock through dynamic interactions with the BMAL1 C
terminus. Nat. Struct. Mol. Biol. 2015, 22, 476–484. [CrossRef] [PubMed]

31. Chen, R.; Schirmer, A.; Lee, Y.; Lee, H.; Kumar, V.; Yoo, S.H.; Takahashi, J.S.; Lee, C. Rhythmic PER abundance
defines a critical nodal point for negative feedback within the circadian clock mechanism. Mol. Cell 2009, 36,
417–430. [CrossRef] [PubMed]

32. Hausser, J.; Zavolan, M. Identification and consequences of miRNA-target interactions—Beyond repression
of gene expression. Nat. Rev. Genet. 2014, 15, 599–612. [CrossRef] [PubMed]

33. Savvidis, C.; Koutsilieris, M. Circadian rhythm disruption in cancer biology. Mol. Med. 2012, 18, 1249–1260.
[CrossRef] [PubMed]

34. Na, Y.J.; Sung, J.H.; Lee, S.C.; Lee, Y.J.; Choi, Y.J.; Park, W.Y.; Shin, H.S.; Kim, J.H. Comprehensive analysis
of microRNA-mRNA co-expression in circadian rhythm. Exp. Mol. Med. 2009, 41, 638–647. [CrossRef]
[PubMed]

35. Kim, D.H.; Grün, D.; van Oudenaarden, A. Dampening of expression oscillations by synchronous regulation
of a microRNA and its target. Nat. Genet. 2013, 45, 1337–1344. [CrossRef] [PubMed]

36. Chen, B.; Zhang, B.; Luo, H.; Yuan, J.; Skogerbø, G.; Chen, R. Distinct MicroRNA Subcellular Size and
Expression Patterns in Human Cancer Cells. Int. J. Cell Biol. 2012, 2012. [CrossRef] [PubMed]

37. Huisman, S.A.; Oklejewicz, M.; Ahmadi, A.R.; Tamanini, F.; Ijzermans, J.N.M.; van der Horst, G.T.J.;
de Bruin, R.W.F. Colorectal liver metastases with a disrupted circadian rhythm phase shift the peripheral
clock in liver and kidney. Int. J. Cancer 2015, 136, 1024–1032. [CrossRef] [PubMed]

38. Gery, S.; Virk, R.K.; Chumakov, K.; Yu, A.; Koeffler, H.P. The clock gene Per2 links the circadian system to the
estrogen receptor. Oncogene 2007, 26, 7916–7920. [CrossRef] [PubMed]

39. Menger, G.J.; Lu, K.; Thomas, T.; Cassone, V.M.; Earnest, D.J. Circadian profiling of the transcriptome in
immortalized rat SCN cells. Physiol. Genom. 2005, 21, 370–381. [CrossRef] [PubMed]

40. Yu, Z.; Willmarth, N.E.; Zhou, J.; Katiyar, S.; Wang, M.; Liu, Y.; McCue, P.A.; Quong, A.A.; Lisanti, M.P.;
Pestell, R.G. microRNA 17/20 inhibits cellular invasion and tumor metastasis in breast cancer by heterotypic
signaling. Proc. Natl. Acad. Sci. USA 2010, 107, 8231–8236. [CrossRef] [PubMed]

41. Jin, L.; Lim, M.; Zhao, S.; Sano, Y.; Simone, B.A.; Savage, J.E.; Wickstrom, E.; Camphausen, K.;
Pestell, R.G.; Simone, N.L. The metastatic potential of triple-negative breast cancer is decreased via caloric
restriction-mediated reduction of the miR-17~92 cluster. Breast Cancer Res. Treat. 2014, 146, 41–50. [CrossRef]
[PubMed]

http://dx.doi.org/10.1158/0008-5472.CAN-07-5019
http://www.ncbi.nlm.nih.gov/pubmed/18089790
http://dx.doi.org/10.1158/0008-5472.CAN-13-1841
http://www.ncbi.nlm.nih.gov/pubmed/24204025
http://dx.doi.org/10.1016/S0092-8674(00)81199-X
http://dx.doi.org/10.1016/j.cell.2004.11.015
http://www.ncbi.nlm.nih.gov/pubmed/15550250
http://dx.doi.org/10.1093/bioinformatics/btn072
http://www.ncbi.nlm.nih.gov/pubmed/18310054
http://dx.doi.org/10.1186/1471-2105-12-330
http://www.ncbi.nlm.nih.gov/pubmed/21827656
http://dx.doi.org/10.1093/bioinformatics/btw405
http://www.ncbi.nlm.nih.gov/pubmed/27378304
http://dx.doi.org/10.1093/nar/gku631
http://www.ncbi.nlm.nih.gov/pubmed/25063298
http://dx.doi.org/10.1038/nrc2747
http://www.ncbi.nlm.nih.gov/pubmed/19935677
http://dx.doi.org/10.1038/nsmb.3018
http://www.ncbi.nlm.nih.gov/pubmed/25961797
http://dx.doi.org/10.1016/j.molcel.2009.10.012
http://www.ncbi.nlm.nih.gov/pubmed/19917250
http://dx.doi.org/10.1038/nrg3765
http://www.ncbi.nlm.nih.gov/pubmed/25022902
http://dx.doi.org/10.2119/molmed.2012.00077
http://www.ncbi.nlm.nih.gov/pubmed/22811066
http://dx.doi.org/10.3858/emm.2009.41.9.070
http://www.ncbi.nlm.nih.gov/pubmed/19478556
http://dx.doi.org/10.1038/ng.2763
http://www.ncbi.nlm.nih.gov/pubmed/24036951
http://dx.doi.org/10.1155/2012/672462
http://www.ncbi.nlm.nih.gov/pubmed/22505932
http://dx.doi.org/10.1002/ijc.29089
http://www.ncbi.nlm.nih.gov/pubmed/25045881
http://dx.doi.org/10.1038/sj.onc.1210585
http://www.ncbi.nlm.nih.gov/pubmed/17599055
http://dx.doi.org/10.1152/physiolgenomics.00224.2004
http://www.ncbi.nlm.nih.gov/pubmed/15769907
http://dx.doi.org/10.1073/pnas.1002080107
http://www.ncbi.nlm.nih.gov/pubmed/20406904
http://dx.doi.org/10.1007/s10549-014-2978-7
http://www.ncbi.nlm.nih.gov/pubmed/24863696


Int. J. Mol. Sci. 2017, 18, 1499 19 of 19

42. Gao, Q.; Zhou, L.; Yang, S.-Y.; Cao, J.-M. A novel role of microRNA 17-5p in the modulation of circadian
rhythm. Sci. Rep. 2016, 6, 30070. [CrossRef] [PubMed]

43. Castellano, L.; Giamas, G.; Jacob, J.; Coombes, R.C.; Lucchesi, W.; Thiruchelvam, P.; Barton, G.; Jiao, L.R.;
Wait, R.; Waxman, J.; et al. The estrogen receptor-α-induced microRNA signature regulates itself and its
transcriptional response. Proc. Natl. Acad. Sci. USA 2009, 106, 15732–15737. [CrossRef] [PubMed]

44. Zhao, J.J.; Lin, J.; Yang, H.; Kong, W.; He, L.; Ma, X.; Coppola, D.; Cheng, J.Q. MicroRNA-221/222 negatively
regulates estrogen receptorα and is associated with tamoxifen resistance in breast cancer. J. Biol. Chem. 2008,
283, 31079–31086. [CrossRef] [PubMed]

45. Blattner, M.S.; Mahoney, M.M. Estrogen receptor 1 modulates circadian rhythms in adult female mice.
Chronobiol. Int. 2014, 31, 637–644. [CrossRef] [PubMed]

46. Joyce, C.E.; Zhou, X.; Xia, J.; Ryan, C.; Thrash, B.; Menter, A.; Zhang, W.; Bowcock, A.M. Deep sequencing of
small RNAs from human skin reveals major alterations in the psoriasis miRNAome. Hum. Mol. Genet. 2011,
20, 4025–4040. [CrossRef] [PubMed]

47. Takahashi, J.S. Transcriptional architecture of the mammalian circadian clock. Nat. Rev. Genet. 2016, 18,
164–179. [CrossRef] [PubMed]

48. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2(-Delta Delta C(T)) method. Methods 2001, 408, 402–408. [CrossRef] [PubMed]

49. Izumo, M.; Sato, T.R.; Straume, M.; Johnson, C.H. Quantitative analyses of circadian gene expression in
mammalian cell cultures. PLoS Comput. Biol. 2006, 2, e136. [CrossRef] [PubMed]

50. Wang, H.; Ach, R.A.; Curry, B. Direct and sensitive miRNA profiling from low-input total RNA. RNA 2007,
13, 151–159. [CrossRef] [PubMed]

51. Ritchie, M.E.; Silver, J.; Oshlack, A.; Holmes, M.; Diyagama, D.; Holloway, A.; Smyth, G.K. A comparison of
background correction methods for two-colour microarrays. Bioinformatics 2007, 23, 2700–2707. [CrossRef]
[PubMed]

52. Smyth, G.K.; Speed, T. Normalization of cDNA microarray data. Methods 2003, 31, 265–273. [CrossRef]
53. López-Romero, P.; González, M.A.; Callejas, S.; Dopazo, A.; Irizarry, R.A. Processing of Agilent microRNA

array data. BMC Res. Notes 2010, 3, 18. [CrossRef] [PubMed]
54. Chou, C.-C.; Chen, C.-H.; Lee, T.-T.; Peck, K. Optimization of probe length and the number of probes per gene

for optimal microarray analysis of gene expression. Nucleic Acids Res. 2004, 32, e99. [CrossRef] [PubMed]
55. Chen, C.; Ridzon, D.A.; Broomer, A.J.; Zhou, Z.; Lee, D.H.; Nguyen, J.T.; Barbisin, M.; Xu, N.L.;

Mahuvakar, V.R.; Andersen, M.R.; et al. Real-time quantification of microRNAs by stem–loop RT–PCR.
Nucleic Acids Res. 2005, 33, e179. [CrossRef] [PubMed]

56. Mestdagh, P.; Feys, T.; Bernard, N.; Guenther, S.; Chen, C.; Speleman, F.; Vandesompele, J. High-throughput
stem-loop RT-qPCR miRNA expression profiling using minute amounts of input RNA. Nucleic Acids Res.
2008, 36, e143. [CrossRef] [PubMed]

57. Lao, K.; Xu, N.L.; Yeung, V.; Chen, C.; Livak, K.J.; Straus, N.A. Multiplexing RT-PCR for the detection of
multiple miRNA species in small samples. Biochem. Biophys. Res. Commun. 2006, 343, 85–89. [CrossRef]
[PubMed]

58. Pezzolesi, M.G.; Satake, E.; McDonnell, K.P.; Major, M.; Smiles, A.M.; Krolewski, A.S. Circulating
TGF-β1–regulated miRNAs and the risk of rapid progression to ESRD in type 1 diabetes. Diabetes 2015, 64,
3285–3293. [CrossRef] [PubMed]

59. Fabregat, A.; Sidiropoulos, K.; Garapati, P.; Gillespie, M.; Hausmann, K.; Haw, R.; Jassal, B.; Jupe, S.;
Korninger, F.; McKay, S.; et al. The reactome pathway knowledgebase. Nucleic Acids Res. 2016, 44, D481–D487.
[CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/srep30070
http://www.ncbi.nlm.nih.gov/pubmed/27440219
http://dx.doi.org/10.1073/pnas.0906947106
http://www.ncbi.nlm.nih.gov/pubmed/19706389
http://dx.doi.org/10.1074/jbc.M806041200
http://www.ncbi.nlm.nih.gov/pubmed/18790736
http://dx.doi.org/10.3109/07420528.2014.885528
http://www.ncbi.nlm.nih.gov/pubmed/24527952
http://dx.doi.org/10.1093/hmg/ddr331
http://www.ncbi.nlm.nih.gov/pubmed/21807764
http://dx.doi.org/10.1038/nrg.2016.150
http://www.ncbi.nlm.nih.gov/pubmed/27990019
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1371/journal.pcbi.0020136
http://www.ncbi.nlm.nih.gov/pubmed/17040123
http://dx.doi.org/10.1261/rna.234507
http://www.ncbi.nlm.nih.gov/pubmed/17105992
http://dx.doi.org/10.1093/bioinformatics/btm412
http://www.ncbi.nlm.nih.gov/pubmed/17720982
http://dx.doi.org/10.1016/S1046-2023(03)00155-5
http://dx.doi.org/10.1186/1756-0500-3-18
http://www.ncbi.nlm.nih.gov/pubmed/20205787
http://dx.doi.org/10.1093/nar/gnh099
http://www.ncbi.nlm.nih.gov/pubmed/15243142
http://dx.doi.org/10.1093/nar/gni178
http://www.ncbi.nlm.nih.gov/pubmed/16314309
http://dx.doi.org/10.1093/nar/gkn725
http://www.ncbi.nlm.nih.gov/pubmed/18940866
http://dx.doi.org/10.1016/j.bbrc.2006.02.106
http://www.ncbi.nlm.nih.gov/pubmed/16529715
http://dx.doi.org/10.2337/db15-0116
http://www.ncbi.nlm.nih.gov/pubmed/25931475
http://dx.doi.org/10.1093/nar/gkv1351
http://www.ncbi.nlm.nih.gov/pubmed/26656494
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Entrainment of Human Breast Cell Cultures 
	Statistical Analysis of miRNA Rhythmic Profiles 
	Determination of miRNAs with Rhythmic Expression 
	Validation of Rhythmic Expression Profiles Using RT-qPCR 
	Identification of the Target mRNAs in a Group of miRNAs 

	Discussion 
	Materials and Methods 
	Cell Lines and Culture Procedures 
	Serum Shock Synchronization 
	Total RNA Purification for mRNA and miRNA Expression 
	Quantitative RT-qPCR for mRNA Expression 
	Microarray Processing and Analysis 
	Identification of miRNAs with Rhythmic Expression 
	Quantitative RT-qPCR for miRNA Expression 
	Identification of Targeted mRNAs and Pathway Analysis 

	Conclusions 

