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Abstract
MicroRNAs are a class of small non-coding RNA that regulate gene expression at a post-

transcriptional level. MicroRNAs have been identified in various body fluids under normal

conditions and their stability as well as their dysregulation in disease opens up a new field

for biomarker study. However, diurnal and day-to-day variation in plasma microRNA levels,

and differential regulation between males and females, may affect biomarker stability. A

QuantStudio 12K Flex Real-Time PCR System was used to profile plasma microRNA levels

using OpenArray in male and female healthy volunteers, in the morning and afternoon, and

at four time points over a one month period. Using this system we were able to run four

OpenArray plates in a single run, the equivalent of 32 traditional 384-well qPCR plates or

12,000 data points. Up to 754 microRNAs can be identified in a single plasma sample in

under two hours. 108 individual microRNAs were identified in at least 80% of all our samples

which compares favourably with other reports of microRNA profiles in serum or plasma in

healthy adults. Many of these microRNAs, including miR-16-5p, miR-17-5p, miR-19a-3p,

miR-24-3p, miR-30c-5p, miR-191-5p, miR-223-3p and miR-451a are highly expressed and

consistent with previous studies using other platforms. Overall, microRNA levels were very

consistent between individuals, males and females, and time points and we did not detect

significant differences in levels of microRNAs. These results suggest the suitability of this

platform for microRNA profiling and biomarker discovery and suggest minimal confounding

influence of sex or sample timing. However, the platform has not been subjected to rigorous

validation which must be demonstrated in future biomarker studies where large differences

may exist between disease and control samples.
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Introduction
MicroRNAs (miRNAs) are small endogenous, non-coding RNA molecules, 18–25 nucleotides
in length, which regulate gene expression in a post-transcriptional manner by binding to the 3’
untranslated region (UTR) of mRNA [1]. A single miRNA may regulate the expression of
many genes by destabilization of the target mRNA allowing for the miRNA regulation of most
protein-coding genes [2–4]. Release 21 of MiRBase, the miRNA sequence database, contains
2588 mature human miRNA sequence entries [5].

The presence of miRNAs in human plasma, serum and microvesicles was first reported by
several groups in 2008 [6–8] and since then extracellular miRNAs have been profiled in various
other body fluids including urine, cerebrospinal fluid, tears, saliva and peritoneal fluid [9].
Alterations in miRNA profiles in plasma and serum have been shown to occur in a range of
diseases including various cancers, cardiovascular disease, liver and kidney disease, sepsis and
neurological disorders (reviewed in [10–12]). This has generated much enthusiasm recently for
the search for circulating miRNAs as novel non-invasive biomarkers for early disease
detection.

MiRNA are ideal biomarker candidates as they are accessible in plasma and serum using
minimally invasive techniques and are inexpensive to quantify. Circulating miRNA expression
changes can occur earlier than conventional biomarkers [13] and the expression profiles
reported are often more informative and discriminatory than mRNA profiles [10]. Despite the
fact that extracellular miRNAs are predominantly exosomes/microvesicles free [14] miRNAs
are more stable than mRNA in plasma or serum as they are resistant to RNase digestion [6, 8]
due to their association with circulating Ago2 complexes [14, 15]. They have also been shown
to be stable despite being exposed to extreme temperature changes, repeated freeze-thaw cycles,
extended storage and changes in pH [6].

There are a number of different options available for miRNA profiling: hybridization
(microarray/nCounter), small RNA Sequencing (miRNAseq) and reverse transcription–quan-
titative PCR (RT-qPCR) [16, 17]. There are advantages and disadvantages to each method, for
example: miRNAseq is expensive but it is the only platform that can identify novel miRNAs;
qRT-PCR and microarrays are relatively inexpensive but are limited in the number of miRNA
which can be detected; and qRT-PCR is the only method which is able to provide absolute
quantification. The choice of platform will influence the experiments which can be performed
and the results obtained making comparisons between studies difficult. A recent study com-
pared the reproducibility, specificity, sensitivity and accuracy of hybridization methods, RT-
qPCR and miRNAseq, across 12 platforms from 9 different vendors [17]. They found higher
overall detection rates and better sensitivity for RT-qPCR versus hybridization platforms. Only
a few of the platforms captured small expression changes and there was low concordance of
differential expression between the methods. They note that all the methods have strengths
and weaknesses and the correct platform must be chosen with the particular study goals in
mind. For example, if the detection of miRNA in a low RNA body fluid is the goal then plat-
forms with high sensitivity should be prioritised over accurate quantification of miRNAs.
Another important consideration is the substantial variability in the amount of input RNA
required between platforms with qRT-PCR and microarrays generally requiring smaller
amounts of input RNA than sequencing [17].

Before we can confidently predict that a miRNA is differentially expressed between healthy
and diseased individuals we need to be confident that the miRNA under investigation is stable
in healthy controls. Concern has been expressed as to the effect of diurnal and day-to-day vari-
ation in miRNA profiles [7, 18], the effect of ageing [19], ethnic differences [20], sex [21, 22],
smoking [23], exercise [24] and fasting [25], for example. Studies have shown that not all
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miRNAs are common between whole blood, serum, plasma and exosomes and differences
between the extraction methodology, the analysis platform and quantification strategies used
to measure circulating miRNAs can influence results [7, 8, 26]. Many circulating miRNAs are
shared within disease states as well as between healthy individuals making the selection of a dis-
ease-specific sensitive and specific biomarker challenging.

Here we set out to establish a benchmark for the use of the QuantStudio 12K Flex OpenAr-
ray Real-Time PCR System from Life Technologies for circulating miRNA profiling. We pro-
filed circulating miRNA from plasma samples of healthy human volunteers and compared
expression levels in the morning and afternoon, over the course of one month, and between
males and females. To the best of our knowledge this is the first study to catalogue the normal
spectrum of circulating miRNAs in such a manner using the OpenArray qRT-PCR system.
Inspection of the circulating miRNA profiles revealed that the vast majority of miRNAs are sta-
ble across time points and between male and female individuals. We conclude that the Open-
Array qRT-PCR platform is suitable for circulating miRNA profiling and biomarker discovery.

Materials and Methods

Sample collection and plasma processing
The study was approved by the Research Ethics Committee of the Royal College of Surgeons in
Ireland (REC-859b) and written informed consent was obtained from all participants. 20
healthy non-fasting male and female volunteers were recruited for the study divided into three
groups (Table 1), spanning a number of different European nationalities and ethnic back-
grounds, which were not taken into consideration when assigning to specific groups. The first
group, the morning-afternoon (AM-PM) group, was used to check whether the timing of
blood collection (morning or afternoon sampling) had an effect on miRNA profile in healthy
volunteers. Blood was collected from volunteers at 2 time points on the same day, between 9:30
am and 10:30 am and between 4:00 pm and 5:00 pm. At each time point 5 ml of blood was
drawn into K2EDTA tubes (BD Bioscience). The second group, the day-to-day group, was
used to check for miRNA stability in healthy volunteers over a period of time. 5 ml of blood
was collected on 4 days over a 1 month period, day 1, day 2, day 7 and day 28, between 9:30 am
and 10:30 am. The third group, the male-female group, was used to check for differential
expression of miRNAs between males and females. The subjects in this group were included in
the previous two groups, but only the morning samples for the morning-afternoon group and
the day 1 samples from the day-to-day group were used.

Within one hour after blood collection, plasma was prepared by centrifuging the tubes at
1300 x g, for 10 minutes, at 4°C. The supernatant was collected into an RNAase free tube and
extra care was taken not to disturb the buffy coat which contains the white blood cells. A sec-
ond centrifugation step was then performed at 1940 x g for 10 minutes at 4°C which produced
a visible white pellet in the sample [27]. Plasma was then collected into 1.5 ml RNAase free
eppendorfs and stored at −80°C. The level of haemolysis in the plasma samples was assessed by

Table 1. Demographics.

Cohort Male Female Age range (mean)

AM-PM 5 5 26–53 (35.9)

Day-to-Day 5 5 23–46 (33.1)

Male-Female 10 10 23–53 (34.5)

Number of healthy volunteers included in each group, age ranges and mean.

doi:10.1371/journal.pone.0145316.t001
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spectrophotometric analysis using a Nanodrop 2000 spectrophotometer. The absorbance at
414 nm was checked and a cut-off level of 0.25 was used to distinguish haemolysis free samples
[28].

RNA extraction
The total RNA in the samples was isolated using a miRCURY™ RNA isolation kit (Exiqon)
according to the manufacturer protocol. An input volume of 200 μl of plasma was used, mem-
branized particles were lysed using lysis solution, and proteins were precipitated using precipi-
tation solution. After a centrifugation step for 3 minutes at 11,000 x g, the supernatant was
collected into collection tube, mixed with Isopropanol and then loaded into a spin-column
which binds only the RNA. After centrifugation for 30 seconds at 11,000 x g at room tempera-
ture, 100 μl and 700 μl of wash solution I and II were added to the spin column respectively fol-
lowed by a centrifugation for 2 minutes at 11,000 x g to dry the column membrane completely.
The final purified RNA was eluted in 25 μl RNAase free water. RNA concentration in the sam-
ple and the level of protein contamination was assessed by Nanodrop 2000 spectrophotometer.

MiRNA expression profiling
The OpenArray reverse transcription reaction was performed according to the manufacturer’s
protocol using 3 μl of total RNA in a 4.5 μl mix of 0.75 μl Megaplex RT primer pools (human
Pools A or B Cat No. 4444750) from Applied Biosystem, 1.5 μM dNTPs with dTTPs, 75U Mul-
tiscribe Reverse Transcriptase, 1X RT Buffer, 1.5 μMMgCl2, 1.8U RNAase inhibitor (RT kit
Cat No 4366596, Applied Biosystems). Reverse transcription reaction was performed in
Applied Biosystems thermal cycler (for cycle conditions see S1 Table).

To increase the quantity of desired cDNA before performing PCR and to significantly
increase the ability to detect low abundance transcripts, a pre-amplification step was performed
according to the manufacturer’s recommendation. 2.5 μl RT product was mixed with 1XMega-
plex PreAmp primers (10X Human Pool A and B Cat. No. 4444748, Applied Biosystems), 1X
TaqMan PreAmp master mix (2X, Cat No. 4391128, Applied Biosystems) to a final volumn of
25 μl. Pre-amplification reaction was performed in an Applied Biosystems thermal cycler (for
cycle conditions see S2 Table).

PreAmp product was first diluted with 0.1X TE to a ratio of 1:40, 22.5 μl of diluted PreAmp
product was then added to same volume of 2X TaqMan OpenArray Real time PCRMaster Mix
(Cat No. 4462164, Applied Biosystems) in the 384-well OpenArray sample loading plate. The
manufacturer’s protocol was followed and the OpenArray panels were automatically loaded by
the OpenArray AccuFill System. Each panel enables the quantification of miRNA expression
in 3 samples and up to 4 panels can be cycled simultaneously, allowing for the analysis of 12
samples on a QuantStudio 12K Flex Real-Time PCR system. 754 human miRNAs were ampli-
fied in each sample together with 16 replicates each of 4 internal controls (ath-miR159a,
RNU48, RNU44 and U6 rRNA).

Data analysis
All analyses were performed in R Bioconductor [29, 30]. The data was filtered as follows: if the
cycle threshold (Ct) score for any miRNA in any sample was “Undetermined”; or if the quality
control flags “AmpScore” or “CqConf” were< 1.24 or< .8 respectively; or if the Ct score
was> 35, then the Ct score was set to 40. We then removed a miRNA if more than 20% of the
individual observations were 40. Using these criteria, 646 miRNAs were filtered out leaving
108 miRNAs in the final data analysis including all samples (Fig 1 and S1 File). Missing data
points (Ct = 40) were imputed (Bioconductor package “Non-detects” [31]) and the data was
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normalised using the DeltaCt method [32] as implemented in Bioconductor package
“HTqPCR” [33]. The miRNA chosen to normalise the data were selected using a consensus
between the top 10 most stable miRNA ranked by NormFinder [34] and geNorm [35], as
implemented in Bioconductor package NormqPCR [36] (Table 2). ΔCt was calculated by sub-
tracting the mean of the Ct values of these miRNA from the Ct value of each miRNA, in each
sample. Note that Ct values are inversely related to expression level i.e. a lower Ct value corre-
sponds to higher expression.

Differential expression analysis was performed by applying a Student’s t-test to the normal-
ized Ct values between the two conditions and the p-values were adjusted for multiple testing

Fig 1. Bar plot showing the number of miRNA detected in samples. (a) before and (b) after filtering to remove any miRNA not present in 80% of samples.

doi:10.1371/journal.pone.0145316.g001
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by controlling the false discovery rate (FDR) according to the method of Benjamini and Hoch-
berg [37]. A miRNA was considered to be differentially expressed if the adjusted p-value
was� 0.05. The limma package [38] was used for analysis of the day-to-day samples.

Results and Discussion

Similarity to plasma profiles on other platforms
108 individual miRNAs were identified in at least 80% of all our samples (Fig 1). This compares
favourable with other reports of miRNA profiles in serum or plasma in healthy adults: a group
from Exiqon profiled miRNA from over 1500 serum and plasma samples and identified 119
miRNAs commonly found in serum and plasma [26]; 101 miRNAs were detected by Solexa
sequencing of two pools of serum from 11 males and 10 females [6]; 106 and 118 miRNA were
detected in all 6 plasma and serum samples respectively profiled on TaqMan human miRNA
array panels [39]; and 90 and 99 miRNA were detected in all 10 plasma and serum samples
respectively profiled on Exiqon human miRNA panels [39]. When only one sample, or a single
pool of samples, is considered the reported number of miRNA identified in either plasma or
serum tends to be higher, for example, 130 miRNA were identified in the plasma from a single
healthy donor using TLDA array qRT-PCR profiling [8] and 349 miRNA were identified in the
plasma of 5 pooled samples from healthy donors profiled using a miScript PCR System from
Qiagen [9].

We checked to see the number of miRNA in common between these studies (Table 3) and
also which miRNA in our set were identified most frequently in the other sets (Table 4). The
Wang Exiqon list of miRNA is the most similar to any other set (75 in common with the Blon-
dal Exiqon set) and also the least similar (46 Mooney OpenArray and 49 Weber Qiagen)
(Table 3). 12 miRNAs in our set were not identified in any of the other sets: miR-30a-3p, miR-
126-5p, miR-7-1-3p, miR-766-3p, miR-223-5p, miR-93-3p, miR-144-5p, miR-942-5p, miR-
340-3p, miR-425-3p, miR-34a-3p and miR-1274b and 14 miRNA were found in all 7 sets:
miR-19a-3p, miR-21-5p, miR-24-3p, miR-25-3p, miR-27b-3p, miR-30c-5p, miR-106b-5p,

Table 2. MiRNA to be used for normalisation.

NormFinder geNorm

miR-15b-5p miR-15b-5p

miR-17-5p miR-17-5p

miR-24-3p miR-24-3p

miR-26b-5p

miR-27a-3p

miR-30c-5p miR-30c-5p

miR-106a-5p

miR-126-5p miR-126-5p

miR-1274b

miR-223-3p

miR-223-5p

miR-331-3p miR-331-3p

miR-374a-5p

miR-532-3p

The top 10 most stable miRNA in all samples as determined by NormFinder [34] and geNorm [35]. MiRNA

common to both lists are used for normalisation.

doi:10.1371/journal.pone.0145316.t002
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miR-148b-3p, miR-30b-5p, miR-451a, let-7g-5p, miR-223-3p, miR-191-5p and miR-17-5p
(Table 4).

In conclusion, although there is a similar number of miRNA being detected across the stud-
ies examined here there is a large degree of variation between the lists of miRNA being detected
by the different platforms, although we observered that there is a set of about 50 miRNA
(Table 4) that are common to most of the studies most of the time. This would support the
importance of independent validation of any potential biomarkers on another platform.

Cellular origin of miRNA in plasma samples
Haider et al. [12] have created a miRNA expression matrix spanning 18 cell types, reflecting a
broad range of most major cell types (epithelial, endothelial, mesenchymal, hematopoetic, and
muscle). We examined the possible cellular origin of each of the 108 miRNA in our data set by
cross checking them against the 100 most highly expressed miRNA in each of 18 unique cell
types (Table 5).

23 miRNAs in our set of 108 miRNAs were not found in any of the 18 cell types and 18 miR-
NAs were ubiquitously expressed: miR-15b-5p, miR-16-5p, miR-19b-3p, miR-21-5p, miR-24-
3p, miR-25-3p, miR-26a-5p, miR-26b-5p, miR-27a-3p, miR-103a-3p, miR-106b-5p, miR-331-
3p, miR-20a-5p, miR-93-5p, miR-29a-3p, miR-324-3p, let-7g-5p and let-7d-5p. 78 miRNA
were found in at least one and 37 were found in all of the seven hematopoetic cell types (centro-
blast, memory B cell, monocyte, naive B cell, NK cell, plasma B cell and red blood cell). 13
miRNA were not found in any of the hematopoetic cell types (miR-30a-3p, miR-99b-5p, miR-
127-3p, miR-410-3p, miR-495-3p, miR-133a-3p, miR-409-3p, miR-152-3p, miR-328-3p, miR-
375, miR-539-5p, miR-345-5p and miR-122-5p), but had possible cellular origin in at least one
of the other 11 cell types (Table 5).

Reproducibility
To confirm the reproducibility of the OpenArray platform a blood sample was collected from a
28 year old male volunteer and prepared as described above. The RNA was extracted and the
sample split into two parts (R1 and R2). Both parts were processed and profiled using the
OpenArray system as previously described, the only difference being that the second part (R2)
was frozen (at −80°C) for six months before processing and profiling. The data was filtering by
CqConf and AmpScore as previously described but the data was not normalised and the miss-
ing values were not imputed. 122 miRNA were detected in sample R1 and 128 miRNA were
detected in sample R2, 91 were common to both. A scatterplot of the Ct values in sample R1

Table 3. Number of miRNA common between the seven sets of miRNA found in [6, 8, 26, 39, 39] and [9].

Mooney OpenArray Blondal Exiqon Chen Solexa Mitchell TaqMan Wang Exiqon Wang TaqMan Weber Qiagen

Mooney OpenArray - 68 52 53 46 67 61

Blondal Exiqon 68 - 73 61 75 69 66

Chen Solexa 52 73 - 58 62 53 61

Mitchell TaqMan 53 61 58 - 54 50 63

Wang Exiqon 46 75 62 54 - 52 49

Wang TaqMan 67 69 53 50 52 - 60

Weber Qiagen 61 66 61 63 49 60 -

OpenArray sequences and miRNA names in the other sets were mapped to the mature human sequences from miRBase version 21 [5]

doi:10.1371/journal.pone.0145316.t003
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Table 4. miRNA identified in 80% of our samples and their overlap with miRNA identified in five other studies of biofluids in healthy adults.

Blondal [26] Chen [6] Mitchell [8] Wang–Exiqon [39] Wang–Taqman [39] Weber [9]

miR-19a-3p * * * * * *

miR-21-5p * * * * * *

miR-24-3p * * * * * *

miR-25-3p * * * * * *

miR-27b-3p * * * * * *

miR-30c-5p * * * * * *

miR-106b-5p * * * * * *

miR-148b-3p * * * * * *

miR-30b-5p * * * * * *

miR-451a * * * * * *

let-7g-5p * * * * * *

miR-223-3p * * * * * *

miR-191-5p * * * * * *

miR-17-5p * * * * * *

miR-16-5p * * * * *

miR-19b-3p * * * * *

miR-27a-3p * * * * *

miR-30d-5p * * * * *

miR-92a-3p * * * * *

miR-103a-3p * * * * *

miR-142-3p * * * * *

miR-146a-5p * * * * *

miR-148a-3p * * * * *

miR-192-5p * * * * *

miR-221-3p * * * * *

miR-301a-3p * * * * *

miR-328-3p * * * * *

miR-20a-5p * * * * *

miR-20b-5p * * * * *

miR-93-5p * * * * *

miR-29a-3p * * * * *

miR-324-3p * * * * *

miR-106a-5p * * * * *

miR-126-3p * * * * *

miR-222-3p * * * * *

let-7d-5p * * * * *

miR-186-5p * * * * *

miR-199a-3p * * * * *

miR-652-3p * * * * *

miR-18a-5p * * * * *

miR-15b-5p * * * *

miR-26b-5p * * * *

miR-130a-3p * * * *

miR-130b-3p * * * *

miR-152-3p * * * *

miR-195-5p * * * *

miR-331-3p * * * *

miR-335-5p * * * *

miR-532-5p * * * *

(Continued)
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Table 4. (Continued)

Blondal [26] Chen [6] Mitchell [8] Wang–Exiqon [39] Wang–Taqman [39] Weber [9]

miR-26a-5p * * *

miR-99b-5p * * *

miR-150-5p * * *

miR-324-5p * * *

miR-374a-5p * * *

miR-375 * * *

miR-376a-3p * * *

miR-374b-5p * * *

miR-590-5p * * *

miR-345-5p * * *

miR-122-5p * * *

miR-133a-3p * * *

miR-320a * * *

miR-423-5p * * *

miR-574-3p * * *

miR-532-3p * * *

miR-28-3p * * *

let-7c-5p * *

miR-28-5p * *

miR-181a-5p * *

miR-215-5p * *

miR-146b-5p * *

miR-140-5p * *

miR-410-3p * *

miR-487b-3p * *

miR-495-3p * *

miR-339-3p * *

miR-128-3p * *

miR-143-3p * *

miR-340-5p * *

miR-193a-5p * *

miR-885-5p * *

miR-483-5p * *

miR-155-5p * *

miR-30a-5p *

miR-30e-3p *

miR-127-3p *

miR-132-3p *

miR-361-5p *

miR-539-5p *

miR-376c-3p *

miR-744-5p *

miR-409-3p *

miR-193b-3p *

miR-628-3p *

miR-590-3p *

OpenArray sequences and miRNA names in the other sets were mapped to the mature human sequences from miRBase version 21 [5]

doi:10.1371/journal.pone.0145316.t004
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Table 5. Possible cellular origin of miRNA identified in our plasma samples. a—acinar cell; b—adipocyte; c—ductal cell; d—endothelial; e—epithelial
cell; f—fibroblast; g—hepatocyte; h—lymphatic EC; i—myocyte; j—neutrophil; k—smooth muscle cell; l—centroblast; m—memory B cell; n—monocyte; o—
naïve B cell; p—NK cell; q—plasma B cell; and r—red blood cell. An asterix is plased in the column if the miRNA is found in the top 100 of miRNA expressed
in that cell type. Expression profiles for all cells taken from [12]. miRNA are included if they are identified in at least one cell type.

Non-Hematopoietic Hematopoietic

a b c d e f g h i j k l m n o p q r

let-7c-5p * * * * * * * * * * * * * * * * *

miR-15b-5p * * * * * * * * * * * * * * * * * *

miR-16-5p * * * * * * * * * * * * * * * * * *

miR-19a-3p * * * * * * * * * * * * * * * * *

miR-19b-3p * * * * * * * * * * * * * * * * * *

miR-21-5p * * * * * * * * * * * * * * * * * *

miR-24-3p * * * * * * * * * * * * * * * * * *

miR-25-3p * * * * * * * * * * * * * * * * * *

miR-26a-5p * * * * * * * * * * * * * * * * * *

miR-26b-5p * * * * * * * * * * * * * * * * * *

miR-27a-3p * * * * * * * * * * * * * * * * * *

miR-27b-3p * * * * * * * * * * * * * *

miR-28-5p * * * * * * * * * * * *

miR-30a-3p * * * * *

miR-30a-5p * * * * * * * * * * * *

miR-30c-5p * * * * * * * * * * * * * * * *

miR-30d-5p * * * * * * * * * * * * * * * *

miR-30e-3p * * * * * * * * *

miR-92a-3p * * * * * * * * * * * * * * * * *

miR-99b-5p * * * * * *

miR-103a-3p * * * * * * * * * * * * * * * * * *

miR-106b-5p * * * * * * * * * * * * * * * * * *

miR-126-5p * * * *

miR-127-3p * * * * * *

miR-130a-3p * * * * * * * * * * * *

miR-130b-3p * * * * * * * * * * * * * * *

miR-132-3p *

miR-142-3p * * * * * * * * * *

miR-146a-5p * * * * * * * * * *

miR-148a-3p * * * * * * * * * * * *

miR-148b-3p * * * * * * * * * * *

miR-150-5p * * * * * * *

miR-152-3p * * * * *

miR-181a-5p * * * * * * * * * * * * * * * * *

miR-192-5p * * * * * *

miR-195-5p * * * * * * * * * * * * *

miR-215-5p * * * *

miR-221-3p * * * * * * * * * * * * * * * * *

miR-301a-3p * * * * * *

miR-324-5p * * * * * * * * * * *

miR-328-3p *

miR-331-3p * * * * * * * * * * * * * * * * * *

miR-335-5p * * *

(Continued)
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Table 5. (Continued)

Non-Hematopoietic Hematopoietic

a b c d e f g h i j k l m n o p q r

miR-361-5p * * * * * * * * * * * * * * * *

miR-374a-5p * * * * * * * * * * * * * * * *

miR-375 * * *

miR-376a-3p * * * * * * * * *

miR-20a-5p * * * * * * * * * * * * * * * * * *

miR-30b-5p * * * * * * * * * * * * * * * * *

miR-20b-5p * * * * * * * * * * * * * * *

miR-93-5p * * * * * * * * * * * * * * * * * *

miR-146b-5p * * * * * * * * *

miR-451a * * * * * * *

miR-140-5p * * * * * * * * * * * * * *

miR-410-3p * * * *

miR-487b-3p * * * * * * * *

miR-539-5p *

miR-532-5p * * *

miR-495-3p * *

miR-590-5p * * * * * *

miR-766-3p * * * * * * * * * *

miR-29a-3p * * * * * * * * * * * * * * * * * *

miR-376c-3p * * * * * * * * *

miR-324-3p * * * * * * * * * * * * * * * * * *

miR-345-5p *

miR-128-3p * * * * * * * * * *

miR-126-3p * * * * * * * * *

miR-122-5p * *

miR-133a-3p * *

miR-143-3p * * * * * * * * * * * * * * * * *

miR-340-3p *

miR-222-3p * * * * * * * * * * * * * * * * *

miR-320a * * * * * * * * * * * * * * * * *

let-7g-5p * * * * * * * * * * * * * * * * * *

let-7d-5p * * * * * * * * * * * * * * * * * *

miR-186-5p * * * * * * * * * * *

miR-223-3p * * * * * * * * * * * *

miR-425-3p * * *

miR-17-5p * * * * * * * * * * * * * * * * *

miR-409-3p * * *

miR-574-3p * * * * * * * * *

miR-652-3p * * * * * *

miR-193b-3p * * * * * * * * * * * *

miR-18a-5p * * * * * * * * *

miR-155-5p * * * * * * * * * * *

doi:10.1371/journal.pone.0145316.t005

Minimal Sex- and Sample Timing-Related Variation of Circulating miRNAs

PLOSONE | DOI:10.1371/journal.pone.0145316 December 23, 2015 11 / 20



against sample R2 showed a high degree of correlation between the Ct values in the two sam-
ples (Pearson’s correlation coefficient, r = 0.89), which increased when only high confidence Ct
values, Ct� 25, were included (r = 0.95) (Fig 2).

Normalisation and differential expression analysis
The goal of normalisation is to remove nonspecific variation across samples that does not rep-
resent true biological difference related to the condition being studied by reducing technical
error and variation and removing variation due to differences in RNA concentration between
samples. This is especially critical when, as in this case, using a fixed volume of sample rather
than a fixed quantity of RNA. However, there is no general consensus for the best method of
normalisation [16, 40]. Wylie et al. compared seven methods for the normalisation of miRNA
expression from biofluid and found that methods that focus on a restricted set of miRNAs
tended to perform better than methods which focus on all miRNAs [41]. The choice of this set
of miRNA is challenging as so called “housekeeping genes” which may be stable in a given cell
type or experimental condition can vary considerably under disease conditions and between
different tissues or biofluids, and no universally invariant miRNA or any other small RNAmol-
ecule has been found to date [9, 11, 25, 42].

For our analysis we have chosen a consensus between the top 10 most stable miRNA in all
of our samples as determined by NormFinder [34] and geNorm [35] for normalisation. These
are: miR-15b-5p, miR-17-5p, miR-24-3p, miR-30c-5p, miR-126-5p and miR-331-3p (Fig 3).

Fig 2. Reproducibility. Pairwise scatterplot of unnormalised data after filtering by CqConf and AmpScore, with no imputing of missing values. 122 miRNA
were detected in sample R1 and 128 miRNA were detected in sample R2, 91 were common to both. (a) Ct > 35 are not included in the calculation of the
correlation (b) Ct > 25 are not included in the calculation of the correlation.

doi:10.1371/journal.pone.0145316.g002
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Morning-afternoon group
It has been suggested that blood collection timing (day or night) might have an effect on
miRNA expression [11]. This is important in the context of biomarker discovery especially if
the disease in question has diurnal variations. A number of studies have provided evidence for
the presence of rhythmically expressed miRNAs in various tissues [18, 43–47]. However, no
studies have focused on the possibility of diurnal miRNA variation in blood sample collection.
In the present study, to assess the possibility of morning-afternoon variation on miRNA pro-
file, blood was collected from 10 healthy volunteers at two time points. A morning sample was
collected between 9:30–10:30 am and an afternoon sample was collected between 4:00–5:00
pm. This group included 5 males with mean age 37 years (range 30–40 years) and 5 females
with mean age 35 years (range 26–53 years). The samples were processed and the data analysed
as previously described in Materials and Methods.

Following normalisation we performed a principal component analysis and plotted the first
two principal components but no clustering of the samples was observed (Fig 4). Similar to
Moldovan et al. [11] we found no significantly differentially expressed miRNAs between the
morning or afternoon samples. We repeated our analysis using two global normalisation meth-
ods, quantile normalisation [48] and normalisation to the geometric mean, as implemented in
the Bioconductor package “HTqPCR” [33], however, we were still unable to identify any signif-
icantly differentially expressed miRNA. This suggests that timing of blood collection should
not interfere with biomarker studies.

Day-to-day group
To evaluate miRNA profile stability in healthy individuals over a period of time, blood was col-
lected between 9:30 and 10:30 am, on 4 days over a one month period (day 1, day 2, day 7 and
day 28). This group included 5 males with mean age 37 years (range 23–46) and 5 females with
mean age 29 years (range 26–32 years). The samples were processed and the data analysed as
previously described in Materials and Methods.

All miRNAs screened were stable over this one month period, with no significant difference
in expression between the four time points (see principal component analysis Fig 5). Fig 6
shows the variation in Ct values over the four sample times for the most abundant miRNA in
these samples. As before we repeated our analysis using quantile normalisation and

Fig 3. miRNA for normalisation. Bar plot showing the Ct values in each samples of the 6 miRNA chosen for normalisation.

doi:10.1371/journal.pone.0145316.g003
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Fig 4. Principal component analysis. AM-PM—Samples taken from 5 females and 5 males, one morning sample and one afternoon sample from each is
used (Plot created with R package ggbiplot).

doi:10.1371/journal.pone.0145316.g004

Fig 5. Principal component analysis.Day-to-Day—Samples taken from 5 females and 5 males on 4
mornings over a 1 month period, day 1, day 2, day 7 and day 28 (Plot created with R package ggbiplot).

doi:10.1371/journal.pone.0145316.g005
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normalisation to the geometric mean, however, we still did not identify any differentially
expressed miRNA. Although there was a slightly higher mean variance across the miRNA in
the female samples compared to the male sample (2.15 in females, 1.8 in males), this was not
found to be statistically significant. This is in agreement with MacLellan et al. [23] who found a
high correlation (r = .88—.99) between pairs of serum samples taken from 12 healthy individu-
als between 2 and 17 months apart, and Rekker et al. [49] who found no significant differences
in plasma miRNA expression levels in women during their menstrual cycle.

Male-female group
To check for a possibility of miRNA differential expression between males and females,
miRNA expression was analysed in 10 males with mean age 37 (range 23–46) and 10 females

Fig 6. Top 10most abundant miRNA in the day-to-day group.

doi:10.1371/journal.pone.0145316.g006
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with mean age 32 (range 26–53). Blood was collected between 9:30 and 10:30 am. These sub-
jects were included in the previous two groups. The samples were processed and the data ana-
lysed as previously described in Materials and Methods.

Similar to Hunter et al. [7] we did not observe any significant difference between the male
and female samples either after performing a principle component analysis (Fig 7) or differen-
tial expression analysis. Again, this did not change when we repeated our analysis using quan-
tile normalisation and normalisation to the geometric mean. There was no significant
difference in the number of miRNA detected in the male or female samples. There was slightly
higher variance between miRNA detected in females than males (mean variance 1.94 and 1.79
respectively, after normalisation). We did not find any miRNA unique to either all male or
female samples. The top 12 most abundant miRNA are the same for the male and female sam-
ples: miR-223-3p, miR-16-5p, miR-19b-3p, miR-106a-5p, miR-17-5p, miR-20a-5p, miR-191-
5p, miR-24-3p, miR-126-3p, miR-451a, miR-92a-3p and miR-146a-5p (Fig 8).

However, other groups have detected differences. Four miRNAs (miR-548-3p, miR-1323,
miR-940 and miR-1292) were found to be significantly up regulated in females by Duttagupta
et al. [21] and one female specific miRNA (miR-222) and three male specific miRNAs (miR-
100, miR-184, and miR-923) were identified in 11 male and 10 female pooled serum samples
by Chen et al. [6]. miR-548-3p, miR-1323, miR-940, miR-1292 and miR-184, and miR-923
were not identified in our samples. We did however identify miR-222 in 9 out of 10 of both the
female and male samples and miR-100 was identified in 5 female samples and 2 males samples,
however there was no significant difference in expression between males and females in either
case.

Fig 7. Principal component analysis.Male-Female—Samples taken from 10 females and 10 males, one morning sample from each individual is used (Plot
created with R package ggbiplot).

doi:10.1371/journal.pone.0145316.g007
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Conclusion
Overall, miRNA levels were very consistent between individuals, males and females, and time
points and miRNAs found to be highly expressed were consistent with previous studies of
plasma from healthy controls using other platforms. These results would suggest the suitability
of the QuantStudio 12K Flex OpenArray Real-Time PCR System for miRNA profiling and bio-
marker discovery. However, the platform has not yet been subjected to rigorous validation.
The present study is not appropriate for this and therefore we cannot comment here on this
aspect as we did not find differentially expressed miRNA between groups. In future biomarker
studies where large differences may exist between disease and control samples the reproducibil-
ity and validation of the platform must be demonstrated.
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