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Abstract

Sample collection, processing, storage and isolation methods constitute pre-analytic factors

that can influence the quality of samples used in research and clinical practice. With regard

to biobanking practices, a critical point in the sample’s life chain is storage, particularly long-

term storage. Since most studies examine the influence of different temperatures (4˚C,

room temperature) or delays in sample processing on sample quality, there is only little infor-

mation on the effects of long-term storage at ultra-low (vapor phase of liquid nitrogen) tem-

peratures on biomarker levels. Among these biomarkers, circulating miRNAs hold great

potential for diagnosis or prognosis for a variety of diseases, like cancer, infections and

chronic diseases, and are thus of high interest in several scientific questions. We therefore

investigated the influence of long-term storage on levels of eight circulating miRNAs (miR-

103a-3p, miR-191-5p, miR-124-3p, miR-30c-5p, miR-451a, miR-23a-3p, miR-93-5p, miR-

24-3p, and miR-33b-5p) from 10 participants from the population-based cohort study

KORA. Sample collection took place during the baseline survey S4 and the follow-up sur-

veys F4 and FF4, over a time period spanning from 1999 to 2014. The influence of freeze-

thaw (f/t) cycles on miRNA stability was also investigated using samples from volunteers (n

= 6). Obtained plasma samples were profiled using Exiqon’s miRCURYTM real-time PCR

profiling system, and repeated measures ANOVA was used to check for storage or f/t

effects. Our results show that detected levels of most of the studied miRNAs showed no sta-

tistically significant changes due to storage at ultra-low temperatures for up to 17 years;

miR-451a levels were altered due to contamination during sampling. Freeze-thawing of one

to four cycles showed an effect only on miR-30c-5p. Our results highlight the robustness of

this set of circulating miRNAs for decades of storage at ultra-low temperatures and several
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freeze-thaw cycles, which makes our findings increasingly relevant for research conducted

with biobanked samples.

Introduction

The pre-analytical phase of studies conducted using biobanking samples consists of the collec-

tion, retrieval, processing and transport of biological samples. All steps can heavily influence

the integrity of samples and, later, the results of analyses [1]. Since most studies examine the

influence of different temperatures (4˚C, room temperature) or delays in sample processing

on sample quality, there is only little information on the effects of long-term storage at ultra-

low (vapor phase of liquid nitrogen) temperatures on biomarker levels.

Circulating microRNAs (miRNAs) are found among these biomarkers. MiRNAs are 22–25

nucleotide-long, small non-coding ribonucleic acids that function as post-transcriptional regu-

lators in gene expression by targeting specific messenger RNA (mRNA) [2]. These miRNA-

mRNA interactions can lead to either gene downregulation, by either repressing the transla-

tion or completely degrading the targeted mRNA [3]; or to a positive regulation, by enhancing

translation in a process termed as RNA activation (RNAa) [4]. As listed in miRBase (release

21) (www.mirbase.org/), the human genome is currently thought to code for 1881 precursors

accounting and for 2588 mature miRNAs [5], each participating in the regulation of a great

number of target mRNAs and hundreds of gene targets [6], which underlines their potential

influence on almost every genetic pathway [7–9]. MiRNA research conducted during the last

decade has hinted at their potential to be minimally invasive diagnostic, prognostic and predic-

tive biomarkers [10] in a variety of fields, amongst which cancer [11], clinical trials [12], and

infectious diseases [13] are a few examples.

For the aforementioned reasons, circulating miRNAs are of high interest in several scien-

tific questions. In order for the results from any miRNA analysis to be valid, recommendations

on how to increase miRNA stability and reproducibility should be followed [14–16]. More-

over, the influence of parameters like study design and data analysis [17], pre-analytic condi-

tions [18–21] and miRNA profiling technique [22–25] should be taken into account, as each

individual step in the methodological procedure can potentially have major impact on miRNA

detection.

In terms of sample collection and its impact on miRNA stability, miRNAs in serum and

plasma have been shown to be stable for up to 48 h even at room temperature or after multiple

freeze–thaw cycles [23, 26]. It has also been shown that circulating blood miRNAs can with-

stand degradation by ribonucleases (RNases) through inclusion in cell-derived extracellular

vesicles or by binding to transporter proteins, such as Argonaute 2 and high-density lipopro-

teins [10, 27, 28].

Although many studies have examined the impact of different temperatures (4˚C, room

temperature: RT), and differences or delays in sample processing / time-to-freeze on sample

quality [1, 21, 23, 29–34], a critical period in the sample’s life chain that has not been suffi-

ciently studied is long-term storage (years or even decades) at ultra-low temperatures (e.g. in

vapor phase of liquid nitrogen). Moreover, the impact of several freeze-thaw cycles on sample

integrity is also of high interest for biomarker research.

Thus, we investigated the impact of long-term storage on the integrity of eight different

miRNAs either used as markers of sample quality of plasma samples or having expression lev-

els in plasma known to be abundant enough for confident detection [35, 36]. Plasma samples,
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one of the most common sample types in biomarker research due to ease of accessibility, were

collected during three surveys of the KORA study (baseline and two follow-ups) from the

same participants and stored up to a 17 years. Additionally, we analyzed the influence of four

freeze-thaw cycles on a different set of samples. The overall aim of the study was to assess the

stability and integrity of a set of eight miRNAs isolated from plasma samples after many years

of storage at ultra-low temperatures and, further, the influence of repeated freeze-thawing on

the chosen circulating miRNAs. Both questions are highly relevant for evaluating the reliability

of biobank plasma samples and the reproducibility of results based on the investigated

miRNAs.

Materials and methods

Study design

The KORA study (Cooperative health research in the Region of Augsburg) is an independent

population-based cohort study from the general population living in the region of Augsburg,

Southern Germany. The KORA S4 prospective cohort conducted from 1999 to 2001 including

4,021 participants. A first follow-up (F4) was conducted from 2006 to 2008 with 3,080 partici-

pants in total; the KORA FF4 survey was a second follow-up of S4 and was conducted in 2013/

2014 with 2,279 participants. More information about the KORA study is available under:

https://www.helmholtz-muenchen.de/kora/fuer-wissenschaftler/ueberblick-kora-studien/

studienuebersicht/index.html and published by Holle et al. [37].

Ethical considerations

The study has been conducted according to the principles expressed in the Declaration of Hel-

sinki [38]. Written informed consent has been given by each participant. The study was

reviewed and approved by the local ethics committee (Bayerische Landesaerztekammer).

Sample selection

For the experiment on long-term storage, a total of ten participants meeting the inclusion cri-

teria for sample selection (non-smoking, non-diabetic status, female gender, aged 25–30 years

at the time of the KORA S4 study, with availability of EDTA plasma samples at all three time

points) and being participants of all three surveys were identified. Plasma samples stored at

-180˚C (vapor phase of nitrogen) from three time points (KORA S4, F4 and FF4 surveys) were

analyzed for the influence of long-term storage (2–17 years) on their circulating miRNA pro-

file (Fig 1A).

To assess the impact of freeze-thaw (f/t) cycles on circulating miRNA profiles, and in order

to avoid the unnecessary use of KORA samples for purposes verifiable also in independent

samples, EDTA blood from six volunteers meeting the selection criteria as previously

described was used. Samples were obtained in 2016 and processed into plasma according to

the KORA study manual and the manufacturer’s instructions along with the aforementioned

KORA samples (Fig 1B). Plasma samples were aliquoted into vials and stored for four weeks at

-80˚C until analyses; samples were not snap-frozen prior to storage at -80˚C, partly due to

logistic constraints and to emulate common sample handling practices. The samples were then

subjected up to four freeze-thaw cycles (one cycle consisted of sample thawing on ice followed

by miRNA extraction and profiling, finalizing with snap-freezing in liquid nitrogen); this

number of freeze-thawing cycles was deemed to be appropriate in view of the available plasma

volume and common sample handling practices. All laboratory measurements were done in

2016, and statistical analyses were conducted in 2018/2019.
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Quantitative real-time PCR (qPCR)

Circulating miRNAs were extracted from 200 μl EDTA-plasma using the miRCURYTM RNA

Isolation Kit–Biofluids (Exiqon A/S, Vedbaek, Denmark), adding 1 μg MS2 carrier RNA to

each sample prior to RNA extraction to ensure high RNA yield and reproducibility. Synthesis

of complementary DNA (cDNA) was performed using the Universal cDNA Synthesis Kit II

(Exiqon A/S), whereby RNA input was optimized to 4 μl of total RNA per 10 μl reaction vol-

ume as template in the cDNA synthesis reaction. Synthetic oligonucleotides were added to the

plasma samples using the miRCURYTM RNA Spike-in Kit (Exiqon A/S) according to the man-

ufacturer’s protocol to monitor cDNA synthesis and PCR amplification.

The selection of the specific set of miRNAs included in these assays was guided by their use-

fulness as biomarkers for sample quality, their stable expression in plasma, and their indepen-

dence from status disease. The miRCURYTM LNA (Exiqon A/S) miRNA profiling technology

was used for two purposes: firstly to assess the robustness and quality of the RNA isolation,

cDNA synthesis and overall sample quality, and secondly, to include miRNAs of interest in

epidemiological research. A total of nine miRNAs were included in two qPCR panels; the full

nomenclature, accession numbers and sequences for the nine miRNAs were retrieved from

miRbase, release 22 [5] and are shown in S1 Table. The first qPCR panel used was the QC PCR

Panel V4.M; sample quality was assessed by examining adding synthetic oligonucleotides, as

Fig 1. Experimental study design. (A) KORA samples from the same ten participants from three surveys were investigated for long-term storage effects on miRNA levels.

(B) Plasma samples from six volunteers were analyzed for freeze-thaw influence on miRNA levels.

https://doi.org/10.1371/journal.pone.0227648.g001
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well as six miRNAs expected to be highly abundant in specific sets of samples: miR-30c-5p,

expressed in cerebrospinal fluid; miR-103a-3p and miR-191-5p, expressed in most tissues;

miR-124-3p, expressed in kidney and urine samples; and miR-451a and miR-23a-3p, indica-

tors of hemolysis and internal controls that are well detected in plasma and serum [35, 39].

The second qPCR panel featured four miRNAs (miR-93-5p, miR-24-3p, miR-23a-3p, and

miR-33b-5p); the first three miRNAs of this panel were included in this experiment because of

their stable expression in plasma samples [40–42], whereas miR-33b-5p is of epidemiological

interest in the KORA survey because the methylation level of its encoding region has been

found to be associated with lipid levels [43].

All qPCR assays were conducted using the Applied Biosystems 7900HT Fast Real-Time

PCR System (Applied Biosystems, Carlsbad, CA, USA) following the specific recommenda-

tions for ABI instruments and the manufacturer’s instructions for each qPCR panel, e.g. num-

ber of amplification cycles (45 for both panels in order to maximize comparability between

them)Data was processed using the SDS 4.2 software (Applied Biosystems). This miRNA pro-

filing platform is sensitive and specific, as shown by the appropriate assay-specific melting

temperatures in the melting curve analyses from our data (S1 Fig) and the platform’s perfor-

mance in comparison to other detection systems in terms of assay cross-reactivity and specific-

ity [24]. For all analyses in this study, miRNA expression was quantified as Cq, the PCR cycle

at which the target is detected, as defined by the Minimum Information for Publication of

Quantitative Real-Time PCR Experiments (MIQE) guidelines [44].

Data preprocessing

Raw data was exported using SDS 2.4 (Applied Biosystems), and further processed using R ver-

sion 3.5.3 (http://www.R-project.org) [45]. An inter-plate calibrator (IPC), UniSp3, was used

to examine inter-plate technical variation in PCR amplification [23]. The detection cut-off was

set at Cq> 37 and Cq values larger than this were set as missing [24].

Hemolysis was assessed by calculating the difference in expression levels (ΔCqhemolysis)

between miR-451a, a miRNA highly expressed in red blood cells [46, 47], and miR-23a-3p, a

miRNA unaffected by hemolysis and stably detected in plasma. As suggested by the manufac-

turer, samples with ΔCqhemolysis > 7 were to be excluded from further analysis; however, none

of the samples surpassed the threshold and therefore none were excluded at this point.

RNA isolation efficiency and presence of enzymatic inhibitors during both the cDNA syn-

thesis and amplification were assessed using the synthetic oligonucleotides (UniSp2, UniSp4,

UniSp5 and UniSp6). Their Cq values were tested for outliers with Grubbs’ test [48]; if an out-

lier was identified, the sample’s Cq distribution of the synthetic oligonucleotides was exam-

ined. qPCR data was normalized following the ΔCq method [49, 50]. The median of UniSp6

was used as a normalization factor to control for sample specific effects on assay performance

and to calculate relative quantification levels of miRNAs. The choice of normalization factor

was based on the availability of a common molecule in both panels, and its suitability as a ref-

erence for data analysis [21, 23, 51–53].

MiR-23a-3p was measured in both panels; the measurement included in the main statistical

analysis was that from the personalized panel, whereas the measurement from the QC panel

was used to assess hemolysis. MiR-124-3p was excluded from further analysis because of its

low call rate (<50% of the samples) in both experiments A and B, leaving a total of eight miR-

NAs to be studied.

For the experiment on long-term storage (from here on referred to as experiment A),

plasma samples from ten KORA participants across the KORA surveys were profiled, such

that data from 10 samples and 3 time points were available for analysis for all eight miRNAs,

Impact of long-term storage and freeze-thawing on eight circulating microRNAs
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except miR-33b-5p. This miRNA was not detected at a reliable level (Cq< 37) in a total of six

samples, which were excluded from analysis. No samples were excluded in the experiment

dealing with freeze-thaw cycles (hereinafter referred to as experiment B).

Statistical analysis

Principal component analysis (PCA) was performed to monitor for batch-specific effects in

the miRNA dataset. The overall effects of storage time and freeze-thaw cycles on the miRNA

profiling levels were examined with one-way repeated measures analysis of variance

(rANOVA) using the Anova() function from the R car v3.0 package. ΔCq data was tested for

sphericity with the Mauchley test, and the Greenhouse Geisser correction was applied if this

assumption was violated. For miRNAs with significant ANOVA F-ratios, Tukey’s test was

used as a post-hoc analysis to determine which specific groups differed using the package lme4
v.1.1–21. Statistical significance was considered as p< 0.05.

Considering that the sample size for both experiments was predetermined by study con-

straints (largest sample sizes available meeting our inclusion criteria for experiment A and

attending feasibility limitations for experiment B), a sensitivity power analysis was performed

using the function wp.rmanova from the R package WebPower v0.5 [54] to determine the min-

imal detectable effect with our sample in terms of Cohen’s f standardized statistic [55].

Our storage time experiment included samples from participants of a longitudinal study,

which could lead to the effects of biological aging from the participants masking that of storage

time on plasma miRNA levels. In order to test for the influence of biological age on miRNA

levels, an independent sample from 300 participants from the KORA F4 survey was used to

analyze the association between miRNA levels and biological aging; plasma samples and

miRNA profiling was done following the same workflow and pipeline as aforementioned. Lin-

ear regression models were run with miRNA levels as the dependent variable; two different

models were used: model 1, with age, sex, and BMI as predictor variables; and model 2, adding

to those variables from model 1 technical variables (UniSp2 + ΔUniSp4—UniSp2) and blood

parameters (hematocrit levels, Hct; platelet count; mean platelet volume, MPV) [56].

Results

In this study, we investigated the influence of two pre-analytical factors, namely long-term

storage at ultra-low temperatures (2, 9, and 17 years) in experiment A and repeated freeze-

thaw cycles (1 to 4) in experiment B (Fig 1), on the detection of eight plasma circulating

miRNAs.

Long-term storage

For the purpose of determining the influence of storage time on circulating miRNA levels,

plasma samples from ten participants and three time points were analyzed, each correspond-

ing to a specific storage time (17, 9 and 2 years).

The power analysis showed that the minimal detectable effect in our study, with 80% power

and a significance level of 0.05, was a standardized difference of means of 0.58 (Cohen’s f statis-

tic), which is considered to be a large effect [55].

PCA, performed as an exploratory analysis, suggested some clustering regarding time along

the second PC (Fig 2A), while no clustering according to individual samples was evident (S2

Fig); ΔCq distributions for all the miRNAs are shown in Fig 2B.

Table 1 displays the means and standard deviations of the quantification levels of the eight

studied miRNAs, as well as the F value and p-value from the rANOVA. The overall effect of

storage time was significant for miR-451a (F(2,18) = 6.82; p-value = 6.20E-03); post-hoc

Impact of long-term storage and freeze-thawing on eight circulating microRNAs
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Fig 2. Effect of storage time on the expression levels of circulating miRNAs in plasma. Storage duration was one of 17 years, 9 years or 2 years. (A) Scatterplot of

the first two principal component scores from the PCA analysis of storage time based on the data of the seven robustly measured miRNAs from the full sample (Nstorage

= 10). Principal components one (shown on the x-axis) and two (y-axis) explain 85.80% and 9.10% of the data variance, respectively. Symbols and colors correspond to

storage time to facilitate visual inspection, and a confidence ellipse for the population mean was drawn around the grouped observations in order to visualize the

variance (data with higher variance creates larger confidence ellipses). (B) Boxplots of miRNA levels based on the data from the full sample (Nstorage = 10) for seven

miRNAs and on a subset of the data with complete longitudinal observations for miR-33b-5p (N miR-33b-5p = 4). The lower and upper hinges of the box present the first

and third quartiles (25th and 75th percentiles), and the whiskers extend to 1.5 � IQR (interquartile range) in both directions; data beyond the whiskers are plotted

individually. The x-axis lists the name of the miRNAs, while the y-axis shows the miRNA quantification level, calculated as ΔCq normalized to the median level of the

synthetic oligonucleotide UniSp6. Smaller ΔCq values denote greater miRNA levels and are characteristic of miRNAs commonly found in plasma, whereas larger ΔCq

values are characteristic of miRNAs detected in low concentrations in the sample. MiRNA measurements corresponding to 17 storage years are shown in dark blue,

those corresponding to 9 years are shown in blue, and those to 2 storage years in light blue. Pairwise comparisons are shown and significant differences as determined

by Tukey’s test marked with a star.

https://doi.org/10.1371/journal.pone.0227648.g002

Table 1. Mean miRNA levels and rANOVA results from miRNA quantification levels from storage time experiment.

Condition miR-103a-3p miR-191-5p miR-451a miR-30c-5p miR-93-5p miR-23a-3p miR-24-3p miR-33b-5p ^

2 storage years

mean (SD)

4.63 (1.85) 6.83 (1.84) 3.7 (0.94) 7.47 (1.86) 6.35 (1.82) 4.36 (1.79) 5.33 (1.77) 15.39 (1.66)

9 storage years

mean (SD)

4.59 (0.59) 6.78 (0.69) 3.3 (0.71) 7.34 (0.73) 6.4 (0.88) 4.7 (0.72) 5.49 (0.8) 15.92 (1.22)

17 storage years

mean (SD)

4.56 (1.4) 6.43 (1.61) 2.46 (1.29) 7.33 (1.65) 5.66 (1.52) 3.7 (1.62) 4.59 (1.66) 15.3 (1.35)

rANOVA F value

(p-value)

0.009

(0.99)

0.25

(0.78)

6.82

(6.2E-03)�
0.03

(0.97)

0.85

(0.44)

1.39

(0.27)

1.07

(0.36)

0.60

(0.58)

Mean and (SD) of UniSp6-normalized levels (ΔCq) of circulating miRNAs. Smaller ΔCq values denote greater miRNA levels and are characteristic of miRNAs

commonly found in plasma, whereas larger ΔCq values are characteristic of miRNAs detected in low concentrations in the sample. The bottom row shows the results

from the repeated measures rANOVA used to analyze the overall effect of storage time on the normalized levels of eight miRNAs (Nstorage = 10 samples for all of the

miRNAs but miR-33b-5p, see symbols below) using 2 degrees of freedom (df) for the factor (storage time) term and 18 df for the error term.

� represents statistical significance at p < 0.05

^ Calculations for miR-33b-5p were performed on a subset with complete cases (N miR-33b-5p = 4), therefore using 2 df for the factor (storage time) and 6 df for the error

term

https://doi.org/10.1371/journal.pone.0227648.t001
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comparisons using Tukey’s test identified the differences to be in the comparisons of samples

stored for 17 years to those stored for 9 years (difference between mean miR-451a levels from

both timepoints = -0.84, SE = 0.34, p-value = 3.79E-02) and in the samples stored for 17 years

compared to those stored for 2 years (difference = -1.24, SE = 0.34, p-value < 1E-03) (Fig 2B).

No differences were found when comparing samples stored for 9 years to samples stored for 2

years (difference = -0.40, SE = 0.34, p-value = 0.47).

The current experimental design, in which we analyze plasma samples from the same indi-

viduals at different time points, does not allow for discrimination between the storage time

effect and potential effects of other confounding variables on the miRNA levels; of these poten-

tial confounders, changes due to biological aging could be directly masking the effect of storage

time (or vice versa). As an additional objective, and in order to test for the influence of biologi-

cal effects of aging on miRNA levels, multiple linear regression models using miRNA levels as

the outcome and independent variables (biological age, sex and BMI), blood cell parameters

(haematocrit, platelet count, and mean platelet volume) and technical covariates (UniSp2,

ΔUniSp4-UniSp2) [56], were run with data from an independent, larger sample of 300 partici-

pants from the KORA F4 survey. No association between the biological age (age at time of the

KORA F4 survey), sex or BMI of the participants and the expression levels of the miRNAs

were found in the estimated models (S2 Table and S3 Fig).

Repeated freeze-thaw cycles

To explore the effect of freeze-thaw (f/t) cycles on miRNA detection in experiment B, plasma

samples were taken from six individuals and subjected to freeze-thawing up to four times, per-

forming miRNA profiling after each f/t cycle.

The power analysis showed that the minimal detectable effect in our study, with 80% power

and a significance level of 0.05, was a standardized difference of means of 0.76 (Cohen’s f statis-

tic), which is considered to be a large effect [55].

By plotting the two first principal components, the PCA for this dataset suggested some

clustering according to f/t cycle rather than around individuals (Fig 3A and S4 Fig); ΔCq distri-

butions for all the miRNAs are shown in Fig 3B.

Table 2 displays the means and standard deviations of the quantification levels of the eight

studied miRNAs, as well as the F value and p-value from the rANOVA. An overall effect of

freeze-thawing was detected in the levels of miR-30c-5p (F(3,18) = 10.559; p-value = 5.50E-

04). Differences in the level of this miRNA were observed when comparing the 3rd and 4th f/t

cycles vs the 1st f/t (Tukey’s p-values < 1E-03), as well as the 3rd and 4th f/t cycles vs 2nd f/t

cycle (p-values = 1.90E-03 and 1.54E-03, respectively) (Fig 3B). No differences were found

when comparing the 2nd cycle to the baseline (p-value = 0.89) nor the 4th f/t cycle to the 3rd f/t

cycle (p-value = 0.99).

Discussion

With the growing interest of biomedical research and translational medicine in circulating

miRNAs as disease biomarkers and the rising reliance on biobanking in sample acquisition,

research on pre-analytical factors influencing miRNA profiling is increasingly important. The

abundance of circulating miRNAs is sensitive to a number of pre-analytical factors [57];

amongst such factors, contamination from cellular carryover and rupture of erythrocytes dur-

ing sample processing can significantly alter the miRNA profile, as can the choice of method

used for cell-free miRNA isolation and profiling [52]. Other relevant factors for miRNA

expression profiling results are the storage conditions and sample handling [58]; eliminating

the bias potentially introduced in these stages can be seen as critical for obtaining usable data.

Impact of long-term storage and freeze-thawing on eight circulating microRNAs
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Fig 3. Effects of freeze-thaw cycles on detected levels of circulating miRNA in plasma samples. (A) Scatterplot of the first two principal component scores from the

PCA analysis of storage time data (Nf/t = 6). Principal components one (shown on the x-axis) and two (y-axis) explain 81.70% and 10.10% of the data variance,

respectively. Symbols and colors correspond to storage time to facilitate visual inspection, and a confidence ellipse for the population mean was drawn around the

grouped observations to visualize the variance (data with higher variance creates larger confidence ellipses). (B) Boxplots of miRNA levels. The lower and upper hinges of

the box present the first and third quartiles (25th and 75th percentiles), and the whiskers extend to 1.5 � IQR (interquartile range) in both directions; data beyond the

whiskers are plotted individually. The x-axis lists the name of the miRNAs, while the y-axis shows the miRNA level, calculated as ΔCq normalized to the median level of

the synthetic oligonucleotide UniSp6. Smaller ΔCq values denote greater miRNA levels and are characteristic of miRNAs commonly found in plasma, whereas larger

ΔCq values are characteristic of miRNAs detected in low concentrations in the sample. Freeze-thaw (f/t) cycles are denoted by specific colors: one f/t cycle with orange,

two f/t cycles with green, three f/t cycles with blue, and four f/t cycles with purple. Pair-wise comparisons are also shown, where significant differences as found by

Tukey’s test are marked with a star.

https://doi.org/10.1371/journal.pone.0227648.g003

Table 2. Mean levels and rANOVA results from miRNA quantification levels from freeze-thawing experiment.

Condition miR-103a-3p miR-191-5p miR-451a miR-30c-5p miR-93-5p miR-23a-3p miR-24-3p miR-33b-5p

1 f/t cycle

mean (SD)

4.37 (0.80) 6.23 (0.79) 0.92 (0.63) 7.08 (0.73) 6.08 (0.67) 4.2 (0.86) 5.15 (0.91) 16.4 (1.30)

2 f/t cycles

mean (SD)

3.93 (1.33) 5.63 (1.45) 0.72 (0.53) 7.33 (1.39) 5.42 (1.04) 3.77 (1.20) 4.39 (1.13) 15.24 (1.02)

3 f/t cycles

mean (SD)

4.85 (1.09) 6.15 (1.08) 1.46 (0.47) 8.54 (1.11) 5.85 (0.98) 4.46 (1.04) 4.86 (1.01) 15.74 (1.11)

4 f/t cycles

mean (SD)

4.86 (1.01) 6.02 (0.95) 1.33 (0.64) 8.56 (0.98) 5.3 (0.81) 4.02 (0.99) 4.29 (1.02) 15.79 (0.86)

rANOVA F value

(p-value)

2.36

(0.09)

0.83

(0.50)

1.88

(0.18)

10.56

(5.50E-04) �
2.16

(0.14)

1.18

(0.35)

2.97

(0.07)

1.60

(0.23)

Mean and (SD) of UniSp6-normalized levels (ΔCq) of circulating miRNAs. Smaller ΔCq values denote greater miRNA levels and are characteristic of miRNAs

commonly found in plasma, whereas larger ΔCq values are characteristic of miRNAs detected in low concentrations in the sample. The bottom row shows the results

from the repeated measures rANOVA used to analyze the overall effect of storage time on the normalized levels of eight miRNAs using 3 df for the factor (f/t cycle) term

and 15 df for the error term.

� represents statistical significance at p < 0.05.

https://doi.org/10.1371/journal.pone.0227648.t002
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To investigate whether and to what extent miRNA expression profiles are biased by freeze-

thawing and long-term storage, we examined the influence of up to 17 years of storage of

plasma samples at ultra-low temperature (Nstorage = 10) and the effect of multiple freeze-thaw

cycles (Nf/t = 6) on eight circulating miRNAs.

Long-term storage

PCA suggested some clustering in relation to time (either based on storage time, biological age

of the participants or different environmental influences at different time points) (Fig 2A). In

order to disentangle the potentially correlated relationship between storage time and biological

differences related to aging, linear regression models were used with cross-sectional data from

KORA F4. The results from this supporting analysis show no association between the levels of

the eight studied miRNAs and age, sex or BMI (S2 Table); these findings are also in line with

those from a previous study of circulating miRNAs in a similar population [56]. Moreover,

PCA did not suggest clustering in terms of inter-individual variability (S2 Fig), in contrast to a

previous report [7]. The clustering along PC2 could be due to unmeasured variables unrelated

to storage time, but related to conditions at the time of initial storage, which could include

varying degrees of cell contamination [59], as suggested by the results obtained from the analy-

sis of individual miRNA levels.

According to the rANOVA analysis, long-term storage up to 17 years at -180˚C (vapor

phase of liquid nitrogen) showed no large effect on the levels of miR-30c-5p, miR-103a-3p or

miR-191-5p, all of which are included in the manufacturer’s Plasma/Serum QC Panel (Exi-

qon). This underlines the suitability of these miRNAs as reference miRNAs to control for sam-

ple quality prior to large-scale miRNA profiling, and provides additional evidence, beyond

that offered by extensive profiling, of their robustness to biological effects [23]. No large effects

of storage duration on the levels of miR-23a-3p, miR-93-5p, miR-24-3p or miR-33b-5p were

observed.

However, results from the rANOVA initially suggested an overall storage effect on the miR-

451a levels in plasma samples, which were elevated when stored for 17 years compared to

those stored for two and nine years (Fig 2B). Nevertheless, given that miR-451a is a well-

known marker for hemolysis and is highly abundant in mature myeloid and red blood cells

[36], potential contamination of plasma with cellular material and miRNAs from apoptotic or

lysed cells (e.g. red blood cells or platelets) could explain this difference [60, 61]. The higher

level of miR-451a identified in older samples compared to more recent samples could to be an

indicator of a relatively greater degree of hemolysis and contamination with cellular material

at the time of processing [33, 59]. This could be explained by a few differences at the time of

sample collection during the KORA S4 survey, such as stress conditions imposed by blood

drawing conducted using slightly narrower cannulas or by freezing the samples for up to

eleven days at -25˚C prior to long-term freezing (KORA manuals, not public). However, this

difference in detected levels is not considered large enough to indicate unreliability of the

miRNA profiling in the older samples, as no samples failed the hemolysis threshold recom-

mended by the manufacturer (ΔCqhemolysis > 7).

In general, our findings are in line with several other studies examining miRNA-specific

effects of storage time. A number of studies have shown that stability is related to the type of

transport mechanism and encapsulation characteristic of every miRNA [53, 62]. On the one

hand, miR-24-3p and miR-451a, existing as free miRNAs and packed in exosomes, have been

previously reported to be largely unaffected by storage conditions [62]. Another study showed

that whereas total miRNA yield decreased after 8 years of storage at -80˚C, miR-30c-5p is pro-

tected from degradation in serum samples frozen for up to 14 years as it is often encapsulated
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in extracellular vesicles [53]. On the other hand, a recent study found that storage of samples

at -80˚C for up to nine months affected miRNA stability in whole blood but not in plasma

[57], evidence pointing to the stability of cell-free miRNA fractions regardless of their specific

transport mechanisms. It is not clear whether the other four miRNAs analyzed here are freely

circulating, transported in extracellular vesicles or if they form complexes with other mole-

cules, and so their results offer no hints on the role of transport mechanism in miRNA

stability.

Another factor influencing miRNA stability through time is the type of sample. Prepro-

cessed blood samples (e.g. plasma or serum) are to be preferred to whole blood samples for

long-term storage [57]. Presence of platelet derived miRNAs in serum suggests that the coagu-

lation process may affect the spectrum of extracellular miRNA in blood [22], thus favoring

plasma as the optimal sample for circulating miRNA assessment. This further highlights the

importance of proper pre-analytical sample processing in order to avoid cellular contamina-

tion and minimize technical variations in miRNA profiling.

A study of similar design to ours (examining miRNAs by means of qPCR, using plasma

samples collected in a longitudinal manner and stored in a biobank at -80˚ C) observed

sequence-specific miRNA degradation patterns after 14 years of storage, with lower miRNA

levels linked to a higher number of AU or UA dinucleotide repetitions in the miRNA’s

sequence [32]. The miRNAs analyzed in our study featured one to three of these dinucleotide

repetitions in their sequences (S1 Table) and did not show any sequence-specific degradation

patterns; the aforementioned study analyzed miRNAs whose sequences had up to five of such

dinucleotide repetitions, so this difference in the number of repetitions may explain why our

results do not seem to support the theory of miRNA instability being dependent on the num-

ber of AU sequences.

Our study shows no statistically significant evidence for large effects for long-term stor-

age conducted at ultra-low temperatures on levels of a selected set of eight miRNAs. Alto-

gether, our results offer specific evidence from a set of miRNAs supporting the conclusions

presented by Hebels and colleagues, who did not find effects of long-term storage (13–17

years) in proteomics, metabolomics, transcriptomics or DNA methylation from biobank

blood samples [63].

Repeated freeze-thaw cycles

Some clustering could be observed in the PCA regarding f/t cycles (Fig 3A) but not regarding

variability within individuals (S4 Fig), in contrast to a previous report [7]. According to the

rANOVA analysis, up to four freeze-thawing cycles did not have a large effect on the levels of

seven of the miRNAs studied. An overall, large freeze-thawing effect was observed only for

miR-30c-5p, which was detected at significantly lower levels after three and four sequential f/t

cycles (Table 2 and Fig 3B). Lastly, a borderline significant effect was observed for miR-24-3p

(p-value = 0.06).

The observed effect on miR-30c-5p might be explained in terms of the stability conferred to

circulating miRNAs by its molecular interactions, either via complex formation with other

molecules or vesiculation (process in which miRNAs are packed into vesicles). Evidence for

the protective effect of molecular interactions in miRNA stability has been observed in multi-

ple studies [28, 53, 57, 64].

Of the eight miRNAs studied here, miR-24-3p has been examined in a larger number of

studies. An early study in the field of circulating miRNAs observed no effects of up to eight

f/t cycles on the plasma levels of this miRNA, results suggesting its presence as a form resis-

tant to RNase activity, and hence its existence within secreted exosomes [28]. Another study
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later confirmed and extended these findings using a larger sample size and serum samples

subjected to up to four f/t cycles [65]. The effect of freeze-thawing has also been studied on

miR-451a, a miRNA existing both within and outside microvesicles (MV) [19]. In line with

our results, no significant effects were found in a smaller sample size from biobank serum

samples [53]; however, a later study reported a significant decrease of total miRNA levels in

plasma after two f/t cycles but no differences in exosomal miRNA levels [62]. Another factor

explaining our results could be platelet contamination in plasma samples [21, 66]. While

plasma with a low amount of platelets has been observed to be insensitive to freeze-thawing,

miRNA levels in platelet rich plasma do not change with additional freeze-thawing cycles

once platelet damage has occurred; moreover, platelets are more sensitive to external condi-

tions than other miRNA carriers like extracellular vesicles [66]. The seemingly lower levels

of miR-451a in f/t cycle 3 and 4 (although not statistically significant), as well as those of

miR-30c-5p (Fig 3B), could suggest some degree of residual platelet contamination. This

could explain the slightly decreased levels of miRNA after the third f/t cycle, the point

where platelet damage possibly occurred and beyond which miRNA levels do not decrease

further. Alternatively, the suggestive pattern displayed by miR-24-3p, whose levels seemed

to increase after 4 f/t cycles (p-value = 0.06) (Fig 3B), could be due to increasing separation

of miRNAs from their binding proteins with an increasing number of f/t cycles, allowing

improved detection via RT-qPCR, in line with the observations made by a previous study

[67].

It has not yet been described whether the eight studied miRNAs are present in extracellular

vesicles or bound to protein complexes (such as Ago2 or HDL); however, 90% of total extracel-

lular miRNA have been identified as not being vesicle-associated circulating miRNAs [18],

which increases the likelihood of this set of miRNAs belonging to the latter group. Further-

more, most of the miRNAs studied here have been detected in both cell-free and cellular frac-

tions (also considered as the “contaminating” fraction composed by white blood cells, red

blood cells and leukocytes) [19], which additionally underlines the potential influence of sam-

ple processing and residual platelets in miRNA profiling.

Our study demonstrates that the selected eight miRNAs can be stably detected in samples

stored at ultra-low temperatures for long storage periods, as well as a robustness of all miRNAs

studied here but miR-30c-5p to freeze-thawing cycles. Our findings offer insights into the

behavior of a set of miRNAs in plasma samples processed and stored according to biobank

protocols, thus being of great interest to research on circulating miRNAs and to studies con-

ducted using biobank samples.

Strengths

Numerous previous studies have examined the effects of pre-analytical variables, yet little

research has been done with actual samples from serial visits from a longitudinal, population-

based study. Our 17 years of storage represents, to the best of our knowledge, the longest stor-

age period among the reported studies dealing with miRNA expression from plasma biobank

samples. Moreover, we were able to use the follow-up samples from ten participants over this

time period in a longitudinal cohort, which constitutes a unique study design. Additionally, we

were able to complement this approach with a supplementary analysis from a larger sample

examining the association between the studied miRNAs and biological aging in order to disen-

tangle the potentially correlated relationship between storage time and biological differences

related to aging. The further adjustment for platelet levels in this model allowed us to examine

the association between miRNA levels and age, sex and BMI, independently from potential

residual platelet contamination.
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Limitations

In this study, we examined eight miRNAs, so this short list by no means captures the variability

in stability of all circulating plasma miRNAs, but only reflects the effects of storage and freeze-

thawing on this set of reference miRNAs. Our findings should be interpreted considering

study-specific settings (namely the specific set of miRNAs included, sample type, storage dura-

tion and temperature) in further comparisons. Sample size is also a limitation since our study

design only allowed for the detection of large and very large effects, thus the studied pre-ana-

lytical factors could have smaller effects on miRNA detection levels that would go unnoticed

by our study design as false-negative results. Additionally, our comparisons were always per-

formed with respect to plasma samples that had been already subjected to one f/t cycle because

we did not profile circulating miRNAs from fresh, newly extracted blood samples; however,

this situation better represents the day-to-day dynamics of biobanks and research centers,

where tissue and blood samples are stored after their collection and analyzed at some point in

the future. Finally, regarding the choice of normalization factor, we did not use a stable endog-

enous miRNA in the data normalization and opted for using a synthetic oligonucleotide

instead. However, since the encapsulation and transport mechanism are miRNA-specific char-

acteristics that could interfere with detection of the miRNA, by utilizing a synthetic oligonucle-

otide we prevented such confounding and achieved comparability between our two qPCR

panels.

Conclusion

Our study intended to share our experience with two important pre-analytical variables in the

profiling of a set of eight miRNAs in plasma samples stored and/or processed following bio-

banking protocols, investigating the influence of up to 17 years of long-term storage at ultra-

low temperatures and multiple freeze-thaw cycles on miRNA biomarkers. We found no large

effects of storage at ultra-low temperatures (e.g. in vapor phase of liquid nitrogen) on the levels

of a set of eight miRNAs in plasma samples stored for decades. We also identified resistance to

multiple freeze-thaw cycles in six of the eight plasma miRNAs, whereas miR-30c-5p showed a

very large effect and miR-24-3p to a lesser extent. The results presented here thus support the

potential use of a subset of the miRNAs studied here, namely miR-103a-3p, miR-191-5p, miR-

23a-3p, and miR-93-5p, as stable references in future circulating miRNA studies, given that

their levels are not largely affected by storage time at ultra-low temperatures nor freeze-thaw-

ing conditions. Moreover, miR-30c-5p could also be used as a marker to detect freeze-thawing

related changes in circulating miRNA levels. Our results also highlight the importance of

appropriate biobanking practices in sample handling that facilitate longitudinal epidemiologi-

cal research.
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S1 Fig. Plots from melting curve analyses. Panel A shows the melting curve analysis from the

miR-30c-5p assay. Panel B shows the melting curve analysis from the miR-451a assay.
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S2 Fig. PCA of storage time data. Scatterplot of the first two principal component scores

from the PCA analysis of storage time data. Principal components one (shown on the x-axis)

and two (y-axis) explain 85.80% and 9.10% of the data variance, respectively. Colors corre-

spond to the ten subjects from the KORA study to facilitate visual inspection, and a confidence

ellipse for the population mean was drawn around the grouped observations in order to visual-

ize the variance (data with higher variance creates larger confidence ellipses). Observations
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from the three time points deriving from the same subject are labeled with an ordinal number

corresponding to the subject.
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S3 Fig. Association of studied miRNAs with age, sex, BMI and other covariates. Dot plot

with the p-value results from model 2 (miRNA level ~ age + sex + BMI + UniSp2 + ΔUniSp4

—UniSp2 + Hct + platelets + MPV) as obtained from the linear regression analysis done with

data from 300 participants from the KORA F4 survey. The negative logarithm of the p-value of

the association between each miRNA and the covariates included in model 2 is plotted in the

x-axis, while the y-axis lists the studied miRNAs. The different covariates are color and symbol

coded. The results for the two technical parameters UniSp2 and Δ(UniSp4-UniSp2), corre-

sponding to the oligonucleotides spiked-in during sample processing used as covariates in the

model to adjust for technical variability [56], are not shown in this plot as to favor simplicity.

(TIFF)

S4 Fig. PCA of freeze-thaw data. Scatterplot of the first two principal component scores from

the PCA analysis of storage time data. Principal components one (shown on the x-axis) and

two (y-axis) explain 81.70% and 10.10% of the data variance, respectively. Symbols and colors

correspond to the six volunteers (subjects A to F) to facilitate visual inspection, and a confi-

dence ellipse for the population mean was drawn around the grouped observations in order to

visualize the variance (data with higher variance creates larger confidence ellipses).

(TIFF)

S1 Table. MiRNA accession number, nomenclature and sequence. The full nomenclature,

accession numbers and sequences for the nine miRNAs studied in this project, as retrieved

from miRbase, release 22.
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S2 Table. Association of studied miRNAs with age, sex, BMI and other covariates. The

table shows the results from the linear regression models used to analyze data from 300 partici-

pants from the KORA F4 study. miRNAs were profiled using the Exiqon Serum/Plasma Focus

microRNA PCR Panel V3.M (Exiqon A/S) as described by the manufacturer’s protocol, and

data went through the same quality control measures as described in the main Methods sec-

tion. Information on BMI and the other covariates used in the models was collected at the

time of interview within the KORA F4 survey. Two models were used: model 1, with age, sex,

and BMI as predictor variables; and model 2, adding to those variables from model 1 technical

variables (UniSp2 + ΔUniSp4—UniSp2) and blood parameters (hematocrit levels, Hct; platelet

count; mean platelet volume, MPV) [56].
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