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Abstract

The relationship between the expression of microRNAs (miRNAs) in blood and a variety of

diseases has been investigated. MiRNA-based liquid biopsy has attracted much attention,

and cancer-specific miRNAs have been reported. However, the results of analyses of the

expression of these miRNAs vary among studies. The reproduction of results regarding

miRNA expression levels could be difficult if there are differences in the data acquisition pro-

cess. Previous studies have shown that the anticoagulant type used during plasma prepara-

tion and sample storage conditions could contribute to differences in measured miRNA

levels. Thus, the impact of these preanalytical conditions on comprehensive miRNA expres-

sion profiles was examined. First, the miRNA expression profiles of samples obtained from

healthy volunteers were analyzed using next-generation sequencing. Based on an analysis

of the library concentration, human genome identification rate, ratio of unique sequences

and expression profiles, the optimal preanalytical conditions for obtaining highly
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reproducible miRNA expression profiles were established. The optimal preanalytical condi-

tions were as follows: ethylenediaminetetraacetic acid (EDTA) as the anticoagulant, whole-

blood storage at room temperature within 6 hours, and plasma storage at 4˚C or -20˚C within

30 days. Next, plasma samples were collected from 60 cancer patients (3 facilities × 20

patients/facility), and miRNA expression profiles were analyzed. There were no significant

differences in measurements except in the expression of erythrocyte-derived hsa-miR-

451a. However, the variation in hsa-miR-451a levels was smaller among facilities than

among individuals. This finding suggests that samples obtained from the same facility could

show significantly different degrees of hemolysis across individuals. We found that the stan-

dardization of anticoagulant use and storage conditions contributed to reducing the variation

in sample quality across facilities. The findings from this study could be useful in developing

protocols for collecting samples from multiple facilities for cancer screening tests.

Introduction

MicroRNAs (miRNAs) are small noncoding RNAs comprising 20–25 nucleotides, and miR-

NAs regulate gene expression by inducing mRNA degradation and inhibiting mRNA tran-

scription into proteins. More than 2,500 miRNAs have been identified previously [1]. It has

been reported that the changes in miRNA expression observed in blood are associated with

human diseases such as cancer [2–4], cardiovascular disease [5–7], and Alzheimer’s disease

[8–10]. Because early detection and treatment of cancer leads to improved survival rates,

screening tests are conducted for each type of cancer. However, testing for multiple types of

cancer is a physical and financial burden for patients. MiRNA-based liquid biopsy is attracting

attention since it is a less invasive method for cancer screening [2–4, 11–16].

Previous studies have reported that the expression levels of some miRNAs can be used to

distinguish between individuals with and without cancer [11–14, 16]. Furthermore, the devel-

opment of technologies for comprehensive data acquisition, such as next-generation sequenc-

ing (NGS) and microarrays, has made it possible to obtain the expression profiles of more than

2,500 different miRNAs in a single measurement. Through the identification of cancer-specific

markers, cancer and noncancer were able to be distinguished with an area under the receiver

operating characteristic (ROC) curve of 0.92–0.98 [2–4, 15]. MiRNA biomarkers are reported

to be useful not only in distinguishing the presence or absence of cancer but also in binary clas-

sification of certain cancer types, with 95% accuracy for bladder cancer [3] and more than 95%

accuracy for six other cancer types. MiRNA biomarkers were also shown to be useful in distin-

guishing between ovarian cancer and noncancer [4] with 84% accuracy and in distinguishing

between ovarian cancer and four nonovarian cancer types with more than 80% accuracy. It

has been suggested that a screening test that simultaneously classifies multiple cancer types can

be achieved by obtaining a comprehensive miRNA expression profile.

In previous studies on the discovery of cancer-specific markers, miRNAs that showed large

fold changes in expression between a certain cancer type and other cancer types were identi-

fied as cancer-specific miRNAs [17–20]. Although studies have identified cancer-specific

markers, the results regarding the changes in the expression levels of these miRNAs are con-

troversial [21–23]. We speculate that the low reproducibility of the results regarding the

changes in the expression levels of the same miRNAs is attributable to differences in the data

acquisition methods used among the studies. Since sample collection is typically conducted
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using different operational methods across each facility, the type of blood collection tubes and

the temperature and timing of storage of whole blood and plasma samples are potentially vari-

able between facilities. The inconsistencies in the results regarding cancer-specific marker

among studies are thought to be related to these differences in preanalytical conditions. Studies

on the type of anticoagulant in blood collection tubes have revealed different expression levels

of miRNAs, including hsa-miR-191-5p, hsa-miR-320a, hsa-miR-21-5p and hsa-miR-451a

[24]; hsa-miR-21 and hsa-miR-29b [25]; and hsa-miR-16 [26], in samples obtained from ethyl-

enediaminetetraacetic acid (EDTA)-treated plasma and citrate-treated plasma obtained from

the same source. Although these studies focused on a limited number of miRNAs, studies on

the storage conditions used for whole blood and plasma have reported that some miRNAs

show small changes in expression over 24 hours in whole blood [25, 27] and over 14 days in

frozen plasma [28, 29]. However, these studies on preanalytical conditions have investigated

the expression changes in specific sets of miRNAs, and findings on the effects of different anti-

coagulants used in blood collection tubes and sample storage conditions on comprehensive

miRNA expression profiles are still limited.

To establish preanalytical conditions for obtaining highly reproducible data, we investi-

gated the effects of different anticoagulants and storage conditions on miRNA expression pro-

files, which could potentially contribute to the variability in miRNA expression levels among

samples collected at multiple facilities. MiRNA expression profiles acquired from blood sam-

ples using NGS were analyzed according to the following parameters: the library concentra-

tion, human genome identification rate, ratio of unique sequences and difference in

expression profiles. First, we discovered highly reproducible preanalytical conditions by ana-

lyzing miRNAs extracted from healthy volunteer samples. Then, using these preanalytical con-

ditions, we collected samples from cancer patients at multiple independent facilities, measured

the miRNA expression level, and evaluated the expression distribution range among facilities.

Materials and methods

Blood sample collection from healthy volunteers

Blood samples were collected from 18 healthy volunteers employed by DeNA Co., Ltd. and

DeNA Life Science, Inc. Participants were healthy adults who had been examined by a physician

and had no diseases. Whole blood was collected by venipuncture into anticoagulant-containing

tubes at time of the physical examination. To investigate the effect of whole-blood storage con-

ditions, samples were refrigerated for one hour, six hours, one day, two days and three days

after collection. To investigate the effect of storage periods, samples were refrigerated within

one hour after collection. To investigate the effects of anticoagulant type, blood samples were

collected from each donor using tubes containing EDTA-2Na, EDTA-2K, sodium fluoride and

sodium citrate. Plasma separation was performed within two hours after collection. To investi-

gate the effects of storage periods, blood samples were collected using EDTA-2Na tubes. All

samples were mixed immediately by inverting the tube 10 times after sample collection. Before

participating in this study, the participants completed a written informed consent form. This

research was approved by the ethics committee of DeNA Life Science, Inc. (approval number:

20180228_1) and was conducted according to the guidelines of the Declaration of Helsinki.

Blood sample collection from cancer-free donors in the biobank

Blood samples were obtained from 60 cancer-free donors and stored in the biobank of the

National Cancer Center (NCC) Institute for Cancer Control. Cancer-free donors were defined

as donors who were not diagnosed with cancer during cancer screening performed by the

NCC. Whole blood was collected by venipuncture into EDTA-2Na-containing tubes before
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treatments. All samples were mixed immediately by inverting the tube 10 times after sample

collection. The collected samples were refrigerated within 30 minutes. Before participating in

this study, the participants completed a written informed consent form. This research was

approved by the NCC Review Board (approval number: 2018–200) and was conducted accord-

ing to the guidelines of the Declaration of Helsinki.

Blood sample collection from cancer patients

Blood samples were collected from 60 cancer patients. Whole blood was collected by veni-

puncture into EDTA-2Na-containing tubes before treatments. All samples were mixed imme-

diately by inverting the tube 10 times after sample collection. The collected samples were

stored at 4˚C for 30 minutes. From facility A (n = 20), samples from esophageal (11), gastric

(5), and pancreatic (4) cancer patients were collected. From facility B (n = 20), samples from

esophageal (5), gastric (6), and pancreatic (9) cancer patients were collected. From facility C

(n = 20), samples from esophageal (1), gastric (10), and pancreatic (9) cancer patients were col-

lected. All samples were randomly collected without any selection of patients with specific can-

cer types. Before participating in this study, the participants completed a written informed

consent form. This research was approved by Juntendo University Hospital, NCC, and the

Osaka International Cancer Center Review Board (approval number: 2020111, 2018–200 and

20043–2) and was conducted according to the guidelines of the Declaration of Helsinki.

Plasma sample preparation

During the collection of samples from healthy volunteers, the samples were centrifuged once

at 1,200 ×g at 4˚C for 10 minutes. During the collection of samples from cancer-free patients,

the samples were centrifuged once at 1,830 ×g at 4˚C for 10 minutes within 12 hours of veni-

puncture. During the collection of samples from cancer patients, samples were centrifuged

once at 1,500 ×g at 4˚C for 10 minutes within 12 hours of venipuncture. The supernatant was

immediately removed without aspiration of the buffy coat and then cryopreserved in RNase-

free cryotubes. There was no significant difference in the amount of miRNA recovered, and

the correlation of miRNA profiles was more than 0.99 when the centrifugation conditions

were selected between 1,200 x g and 1,900 x g (S1 Fig).

RNA purification

MiRNAs were automatically extracted from 300 μL of plasma using the Maxwell RSC miRNA

Plasma and Serum Kit (Promega, Madison, US) with the Maxprep Liquid Handler (Promega)

and Maxwell RSC (Promega) equipment. Purifications were performed according to the man-

ufacturer’s instruction manual. The RNA concentration was measured by a QuantiFluor RNA

System (Promega) with a GloMax Explorer (Promega).

Reverse transcription and sequencing data acquisition

Complementary DNA (cDNA) libraries were synthesized from 5 μL of RNA eluate with 22

polymerase chain reaction (PCR) cycles using the QIAseq miRNA Library Kit (QIAGEN,

Venlo, NL) with the Biomek i5 Automated Liquid Handling Workstation (Beckman Coulter,

Brea, US). The concentration of each amplification product was measured with a QuantiFluor

ONE ds DNA System (Promega). cDNA libraries were merged in one tube at a final concen-

tration of 1.0–1.5 pmol/L. Small RNA sequencing data were obtained using NextSeq 550Dx

with the NextSeq 500/550 High Output Kit v2.5, 75 cycles (Illumina, San Diego, US) and the

NextSeq Phix Control Kit (Illumina). An automated program was set up for each instrument
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according to the manufacturer’s instruction manual, and all the samples were processed using

the same program.

MiRNA expression analysis

The raw sequencing data were processed using fastp (version 0.19.6) [30] to remove data regard-

ing the amplification adapter sequence. The unique molecular identifier (UMI) [31] sequences

and the probe adapter were trimmed using umi_tools (version 1.0.1) [32]. Mapping was per-

formed using Bowtie (1.3.0), and hg19 was used as the reference human genome. The following

options were applied: -n0, -v0, -l18, -m1, and—best. After sorting with SAMtools (version 1.7)

[33], an index was created and deduplicated with umi_tools. Then, featureCounts (version 2.0.0)

[34] was used to obtain the expression count levels of each miRNA with reference to miRBase

(version 20) [1]. To estimate RNA quality from the sequence reads, the UMI ratio was calculated

from the total number of UMIs and the total reads obtained from each sample. The human

genome identification rate (identification rate) was a number obtained by dividing total number

of quality filtered reads processed by fastp (Assigned values) by total number of quality filtered

reads processed by fastp (Reads_processed). These parameters are referred to in the column

descriptions in S1 Table. MiRNA expression counts are shown in S2 Table.

Statistical analysis

We calculated the means and standard deviations of the miRNA expression counts, generated

scatter plots, and performed one-way analysis of variance (ANOVA) with a post hoc Tukey

test or Dunnett’s test using the statistical analysis software R (version 3.6.3) [35]. One-way

ANOVA with the Tukey test was applied to compare the miRNA levels during the investiga-

tion of the effects of different blood collection tubes among facilities. One-way ANOVA with

Dunnett’s test was applied to compare the miRNA levels during the investigation of time-

dependent differences. The fold change depicted in the scatter plot was calculated from the

miRNA expression counts. The data points on the solid line indicate miRNAs with equal

expression levels, and the points above or below the dashed line indicate that miRNAs with

expression levels that were 2-fold higher or 1/2-fold lower, respectively.

Results

Study design

In this study, we explored a standardized protocol for the collection of samples from clinical

cancer patients from multiple facilities. First, the preanalytical conditions were investigated

after miRNA expression profiles were acquired from plasma samples obtained from healthy

volunteers. Then, we evaluated the use of the established preanalytical conditions as a method

for collecting samples from clinical cancer patients. The differences between samples subjected

to different preanalytical conditions, including different types of blood collection tubes, were

evaluated, and the analysis included assessments of the stability of the samples (Fig 1).

During the discovery stage, preanalytical conditions were examined using plasma samples

from healthy individuals. During the investigation of the effects of anticoagulants, blood sam-

ples from the same donor were collected into EDTA-2Na, EDTA-2K, sodium fluoride (NaF)

and sodium citrate (SC) blood collection tubes, which are used in a typical clinical laboratory.

The storage stability of refrigerated or frozen samples was evaluated in both whole-blood sam-

ples and plasma samples. Whole-blood samples were stored for one hour, six hours (room

temperature), one day, two days, and three days at 4˚C. Plasma samples were stored at 4˚C,

-20˚C or -80˚C. The storage periods used for samples maintained at 4˚C and -20˚C were one
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hour, one day, three days, five days, seven days and 30 days. The storage periods for samples

maintained at -80˚C were three, four and five years. During the discovery stage, we analyzed

the following factors to identify the optimal preanalytical conditions. First, the library concen-

tration was measured to examine the effect on biochemical processes, such as RNA extraction

and reverse transcription. Second, the identification rate was calculated to examine the effect

on the purity of sequences identified as originating from the human genome in the extracted

RNA fragments. Third, the UMI ratio was calculated to examine the effect on the uniqueness

of the origin RNA located in the library DNA. Finally, the expression levels of erythrocyte-

derived miRNAs and platelet-derived miRNAs were compared to examine hemolysis and

platelet contamination.

During the validation stage, the selected preanalytical conditions were assessed using 60

samples from clinical cancer patients. Samples were obtained from 20 patients each from facili-

ties A, B and C. The library concentrations, identification rate and UMI ratios were measured.

Then, the adaptability of the selected preanalytical conditions was assessed as follows: (i)

whether each measurement was significantly different between facilities and (ii) whether mea-

surements obtained from one facility fit within the standard deviation of the results obtained

from another facility.

Evaluation of different blood collection tubes

The impacts of anticoagulants were examined using EDTA-2Na, EDTA-2K, NaF and SC

tubes. Regarding the library concentration, although there was no significant difference

Fig 1. Schematic flow of the discovery and validation of the optimal preanalytical conditions. The effects of different blood collection tubes and sample

storage periods were examined during the discovery stage. The library concentrations, identification rate, UMI ratios, and expression profiles were used to

identify optimal conditions. During the validation stage, 60 blood samples from cancer patients were collected from three separate facilities to assess the effects

of the different conditions. The library concentrations, identification rate, UMI ratios, and expression profiles were assessed to determine whether these

measurements were within the assumed range and to validate the preanalytical conditions.

https://doi.org/10.1371/journal.pone.0278927.g001
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resulting from the use of EDTA-2Na and EDTA-2K tubes, the use of NaF and SC tubes

resulted in lower library concentrations than the use of EDTA tubes (Fig 2A). Regarding the

identification rate, the use of EDTA-2Na, EDTA-2K and NaF tubes did not result in difference,

but the use of SC tubes resulted in a lower identification rate (Fig 2B). Regarding the UMI

ratio, the use of EDTA-2K tubes resulted in the highest UMI ratios, but the UMI ratios did not

differ following the use of EDTA-2Na and NaF tubes. There were significant differences result-

ing from the use of EDTA tubes and SC tubes (Fig 2C). It was observed that EDTA-2K and

Fig 2. Comparisons among samples obtained in different blood collection tubes. The library concentrations (A), identification rate (B) and UMI ratios (C)

were evaluated and compared among samples obtained in EDTA-2Na, EDTA-2K, NaF and citrate blood collection tubes. The mean miRNA expression

profiles observed following the use of EDTA-2Na vs. EDTA-2K (D), EDTA-2Na vs. NaF (E) and EDTA-2Na vs. citrate (F) were compared. MiRNAs with levels

that exhibited a fold change greater than 2-fold or less than half-fold are indicated outside of the dashed lines. The x-axis or y-axis of the scatter plot indicates

log2(miRNA expression counts). The Venn diagram indicates that 24 miRNAs exhibited expression levels that were aligned across all tubes, while the levels of

1 and 28 miRNAs were increased only in NaF or citrate tubes, respectively (G). The expression levels of hsa-miR-451a (H), an indicator of hemolysis, and hsa-

miR-126-3p (I), an indicator of platelet contamination, are shown. The crossbar indicates the mean, and the error bar indicates the standard deviation (SD).

Significant differences were identified using one-way ANOVA with a post hoc Tukey test and are indicated as � p<0.05, �� p<0.01 and ��� p<0.001.

https://doi.org/10.1371/journal.pone.0278927.g002
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EDTA-2Na exhibited similar properties, while NaF and SC exhibited different properties from

EDTA.

To determine the differences in the expression of miRNAs resulting from the use of various

blood collection tubes, a profile comparison was performed in three ways: EDTA-2Na vs.

EDTA-2K tubes (Fig 2D), EDTA-2Na vs. NaF tubes (Fig 2E) and EDTA-2Na vs. SC tubes (Fig

2F). The numbers of miRNAs that exhibited increased levels of more than 2-fold between sam-

ples obtained in EDTA-2Na and EDTA-2K tubes, EDTA-2Na and NaF tubes and EDTA-2Na

and SC tubes were 2, 25, and 52, respectively. The numbers of miRNAs that exhibited

decreased levels of less than 1/2-fold between samples obtained in EDTA-2Na and EDTA-2K

tubes, EDTA-2Na and NaF tubes and EDTA-2Na and SC tubes were 1, 2, and 10, respectively.

No common features were observed among the miRNAs with decreased expression levels. The

miRNAs that exhibited increased expression in samples obtained in NaF and SC tubes were

examined, and 24 miRNAs were identified (Fig 2G). Table 1 shows the list of these miRNAs

ranked by their expression levels. Hsa-let-7b-5p [36], hsa-miR-451a [37], hsa-miR-144 [38],

hsa-miR-486 [39], hsa-miR-363 [40], hsa-miR-96 [41] and hsa-miR-4732-5p [36] have been

reported as erythrocyte-derived miRNAs. The fold change in the levels of erythrocyte-derived

hsa-miR-451a between samples obtained from EDTA-2Na and those obtained from NaF tubes

and EDTA-2Na and SC tubes was more than 6-fold (Table 1), with significant differences

between samples obtained from EDTA-2Na and NaF tubes or SC tubes (Fig 2H). In addition,

the expression levels of platelet-derived hsa-miR-126-3p were compared to determine the

degree of platelet contamination, but a significant difference was not observed (Fig 2I). In this

study, we focused on hsa-miR-126-3p as a representative marker to investigate the expression

Table 1. MiRNAs with higher expression in NaF and SC than in EDTA-2Na.

Mean of normalized counts (log2)

NaF SC EDTA-2Na

let-7b-5p 15.1 15.6 13.8

miR-451a 14.7 14.3 11.7

miR-122-5p 12.7 14.3 11.4

miR-144-3p 12.3 11.3 9.0

miR-182-5p 11.9 11.3 8.9

miR-144-5p 11.1 10.8 8.7

miR-363-3p 10.7 10.5 8.5

miR-192-5p 10.6 10.1 8.4

miR-183-5p 10.3 9.7 7.9

miR-150-5p 9.9 9.0 7.2

miR-3613-5p 9.5 8.9 7.1

miR-20b-5p 8.3 8.5 6.6

miR-3615 7.6 7.9 6.5

miR-96-5p 7.5 7.9 6.3

miR-106b-5p 7.5 7.4 5.7

miR-16-2-3p 7.1 6.7 4.5

miR-375 6.9 6.6 4.4

miR-1180-3p 6.9 6.2 3.4

miR-4732-5p 6.6 6.1 3.4

miR-486-5p 6.6 5.9 3.3

miR-1294 5.7 5.5 3.2

miR-92b-5p 4.7 5.2 3.1

https://doi.org/10.1371/journal.pone.0278927.t001
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of platelet-derived miRNAs [42]. The expression levels of other platelet-derived miRNAs [43,

44], such as hsa-miR-223-3p, hsa-let-7f-5p and hsa-miR-16-5p, were investigated, and there

were no differences in expression between samples obtained in the different tubes (S2 Fig). To

examine differences in RNA concentrations, blood samples were collected from five donors in

EDTA-2Na, EDTA-2K, NaF, and citrate blood collection tubes. Samples obtained in EDTA-

2Na and EDTA-2K tubes exhibited the highest RNA concentrations, which were not signifi-

cantly different among them, but the RNA concentrations in samples obtained from NaF and

citrate samples were lower (S3A Fig). In addition, differences among samples subjected to dif-

ferent storage periods were examined. Blood samples were collected from five donors in

EDTA tubes at 1 hour, 6 hours (RT), 1 day, 2 days, and 3 days at 4˚C. There was no significant

difference in the concentration of RNA between samples extracted at 1 hour after collection

and those collected at each other time point (S3B Fig).

From the results of the differences in samples obtained from different blood collection

tubes, it was observed that EDTA-2Na and EDTA-2K tubes had similar properties. However,

the properties of NaF and SC tubes were different from those of EDTA tubes, suggesting that

hemolysis was promoted in these tubes.

Stability of whole blood over storage periods of up to three days at 4˚C

The storage stability of whole-blood samples was investigated. To examine the time-dependent

stability of samples subjected to various storage periods, blood samples stored for one hour

after blood collection were used as the baseline condition and compared with blood samples

stored for 1 day, 2 days, and 3 days. Plasma samples were prepared after these storage periods,

and various measurements were performed. In addition, plasma samples prepared after 6

hours of storage at room temperature were examined for reference information. The library

concentration was decreased in a time-dependent manner in all donor samples. Significant

differences were observed after one day (Fig 3A). The identification rate was decreased in a

time-dependent manner in all donor samples. Significant differences were observed after two

days (Fig 3B). However, the UMI ratio showed no time-dependent differences in any donor

samples (Fig 3C). From these results, it was observed that the quality of whole-blood samples

did not change until one day after blood collection.

To investigate the time-dependent change in miRNA expression, miRNA expression pro-

files were compared between samples stored for one hour and samples stored for various peri-

ods. The numbers of miRNAs with levels that increased more than 2-fold between one hour

and six hours, one day, two days, and three days were 0, 5, 14, and 38, respectively (Fig 3D–

3G). Thirteen of the 38 miRNAs that exhibited levels that were increased in samples stored for

three days were also found to have increased levels in samples stored for two days (Fig 3H).

Table 2 shows the mean expression levels of these 13 miRNAs. The miRNA with the highest

expression was hsa-miR-451a, followed by hsa-miR-144-3p. These miRNAs have been

reported as erythrocyte-derived miRNAs. The levels of hsa-miR-451a and hsa-miR-144-3p

were found to increase by more than five- and sixfold, respectively, from one hour to three

days (Table 2). The expression level of hsa-miR-451a significantly increased from one hour to

3 days of storage (Fig 3I). However, no significant difference was observed in the levels of hsa-

miR-126-3p, suggesting that platelet destruction did not progress during storage (Fig 3J). The

expression levels of the platelet-derived miRNAs hsa-223-3p, hsa-let-7f-5p and hsa-miR-16-5p

did not differ during the storage periods (S4 Fig). In addition, to examine markers reflecting

sample degradation, miRNA expression profiles in samples stored for each storage period

were compared with miRNA expression profiles in samples stored for one hour after blood

collection. The numbers of miRNAs with expression levels that decreased less than 1/2-fold
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Fig 3. Stability of whole blood in storage periods up to three days at 4˚C. The library concentrations (A), identification rate (B) and UMI ratios (C) were

compared between samples stored for 1 hour and 6 hours (room temperature) and 1 day, 2 days and 3 days after blood collection. The mean miRNA

expression profiles at 1 hour vs. 6 hours (D), 1 hour vs. 1 day (E), 1 hour vs. 2 days (F) and 1 hour vs. 3 days (G) were compared. MiRNAs with levels that

exhibited a fold change greater than 2-fold or less than half-fold are indicated outside of the dashed lines. The X-axis or Y-axis of the scatter plot indicates log2

(miRNA expression counts). The Venn diagram indicates that the levels of 15 miRNAs were aligned across samples obtained from all tubes, while 1 and 25

miRNAs exhibited increased levels only at 2 days or 3 days, respectively (H). The expression levels of hsa-miR-451a (I), an indicator of hemolysis, and hsa-miR-

126-3p (J) and an indicator of platelet contamination are shown. To illustrate the level of sample degradation in a time-dependent manner, the levels of hsa-

miR-197-3p (K), hsa-miR-485-3p (L) and hsa-miR-130b-5p (M) are shown. Significant differences were identified using one-way ANOVA with a post hoc

Dunnett’s test and are indicated as � p<0.05, �� p<0.01.

https://doi.org/10.1371/journal.pone.0278927.g003

PLOS ONE Establishment of preanalytical conditions for microRNA profile analysis of clinical plasma samples

PLOS ONE | https://doi.org/10.1371/journal.pone.0278927 December 14, 2022 10 / 21

https://doi.org/10.1371/journal.pone.0278927.g003
https://doi.org/10.1371/journal.pone.0278927


between one hour and 6 hours, 1 day, 2 days, and 3 days were 0, 0, 4, and 8, respectively. The

expression levels of hsa-miR-197-3p (Fig 3K), hsa-miR-485-3p (Fig 3L), and hsa-miR-130b-3p

(Fig 3M) were observed to decrease in a time-dependent manner. It was suggested that these

miRNAs could be useful as markers for monitoring the degradation of whole-blood samples.

We found that hemolysis gradually increased during the storage period, and miRNAs that

could be used for monitoring blood degradation were identified. From the results described

above, it was found that the quality of whole-blood samples could be maintained if samples

were stored within 6 hours at room temperature and within one day at 4˚C.

Stability of plasma over storage periods of up to 30 days at 4˚C

Depending on the laboratory conditions, plasma samples are sometimes preserved in cold

storage before freezer storage. Thus, the stability of plasma samples stored at 4˚C was investi-

gated. To examine the time-dependent stability of samples during the storage period, plasma

samples stored for one hour after separation from whole blood were used as the baseline con-

dition and compared with samples stored for 1 day, 3 days, 5 days, 7 days and 30 days.

Although the library concentration (Fig 4A), identification rate (Fig 4B) and UMI ratio (Fig

4C) decreased in a time-dependent manner in all donor samples, significant differences

among samples stored for the various storage periods were not observed.

To investigate the time-dependent change in expression, miRNA expression profiles were

compared between samples subjected to one hour of storage and samples stored for other periods.

The numbers of miRNAs with levels that increased more than 2-fold between samples stored for

one hour and those stored for one day, three days, five days, seven days and 30 days were 0, 0, 3, 0

and 3, respectively (Fig 4D–4H). However, the numbers of miRNAs with levels that decreased less

than 1/2-fold between one hour and one day, three days, five days, seven days and 30 days were 0,

1, 1, 3 and 2, respectively (Fig 4D–4H). No common features were observed in either the miRNAs

with increased expression miRNAs or those with decreased expression. Overall, the miRNA

expression profiles did not show any remarkable changes after 30 days at 4˚C.

Stability of plasma over storage periods of up to 30 days at -20˚C

Plasma samples are routinely stored in a freezer until measurement experiments. Thus, the sta-

bility of plasma samples at -20˚C was investigated. To examine the time-dependent stability of

Table 2. MiRNAs with higher expression at 2 days and 3 days than at 1 hour.

Mean normalized counts (log2)

1 hour 2 days 3 days

miR-451a 12.9 14.1 15.4

miR-144-3p 9.8 11.2 12.6

miR-150-5p 9.0 11.4 11.9

miR-144-5p 8.4 9.9 11.4

miR-183-5p 6.3 7.6 8.9

miR-483-5p 5.2 6.9 7.6

miR-193a-5p 4.2 5.5 6.8

miR-99a-5p 5.6 6.8 7.4

miR-4732-5p 3.4 4.7 5.8

miR-96-5p 4.2 5.5 7.1

miR-1180-3p 3.0 5.0 5.8

miR-205-5p 3.3 5.0 5.9

miR-1294 2.7 3.7 4.4

https://doi.org/10.1371/journal.pone.0278927.t002
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samples during the storage period, plasma samples stored for one hour after separation from

whole blood were used as the baseline condition and compared with samples stored for 1 day,

3 days, 5 days, 7 days and 30 days. The library concentration (Fig 5A), identification rate (Fig

5B) and UMI ratio (Fig 5C) did not significantly differ among samples subjected to the various

storage periods.

To investigate the time-dependent change in expression, miRNA expression profiles were

compared between samples subjected to one hour of storage and samples stored for other peri-

ods. The numbers of miRNAs with levels that increased more than 2-fold between one hour

and one day, three days, five days, seven days and 30 days were 1, 0, 1, 1 and 1, respectively

(Fig 5D–5H). However, the numbers of miRNAs with levels that decreased less than 1/2-fold

between one hour and one day, three days, five days, seven days and 30 days were 0, 1, 0, 1 and

1, respectively (Fig 5D–5H). No common features were observed among miRNAs with

increased expression and those with decreased expression. Overall, the miRNA expression

profiles did not show any remarkable changes after 30 days at -20˚C.

Stability of plasma samples from a biobank over storage periods of up to

five years at -80˚C

Samples that have been stored for years in a biobank at -80˚C are often used in the develop-

ment of diagnostic tests using clinical samples. Thus, we investigated the stability of plasma

samples obtained from a biobank. To examine the time-dependent degradation of samples

over various storage periods, plasma samples stored for 3 years were used as the baseline con-

dition and compared with samples stored for four and five years. The library concentration

did not differ between samples stored for 3 years and samples stored for 4 years, but a signifi-

cant difference was observed between samples stored for 3 years and samples stored for 5 years

Fig 4. Stability of plasma in storage periods up to 30 days at 4˚C. The library concentrations (A), identification rate (B) and UMI ratios (C) were compared

between samples stored for 1 hour and 1 day, 3 days, 5 days, 7 days and 30 days after blood collection. MiRNA expression profiles at 1 hour vs. 1 day (D), 1

hour vs. 3 days (E), 1 hour vs. 5 days (F), 1 hour vs. 7 days (G), and 1 hour vs. 30 days (H) were compared. MiRNAs with a fold change greater than 2-fold or

less than half-fold are indicated outside of the dashed lines. The X-axis or Y-axis of the scatter plot indicates log2(miRNA expression counts). Significant

differences were identified using one-way ANOVA with a post hoc Dunnett’s test.

https://doi.org/10.1371/journal.pone.0278927.g004
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(Fig 6A). The identification rate (Fig 6B) and UMI ratio (Fig 6C) did not significantly differ

among samples subjected to the various storage periods.

To investigate the time-dependent change in miRNA expression, miRNA expression pro-

files were compared between samples stored for three years and samples stored for four and

five years. The numbers of miRNAs with levels that increased more than 2-fold between three

years and after four years and five years were 0 and 1, respectively (Fig 6D and 6E). However,

the numbers of miRNAs with levels that decreased less than 1/2-fold between three years and

after four years and five years were 0 and 0, respectively (Fig 6D and 6E). Although a signifi-

cant difference was shown in the library concentration between samples stored for 3 years and

samples stored for 5 years, the miRNA expression profiles differed only slightly between sam-

ples stored for these periods. To examine the differences in the levels of hemolysis that

occurred over different storage periods, the expression of hsa-miR-451a was measured and

showed no significant differences between periods (Fig 6F). During the examination of platelet

contamination, the expression of hsa-miR-126-3p was measured, but no significant differences

in expression were observed between periods (Fig 6G). It was observed that the quality of the

5-year-old samples was maintained. From these results, we found that remarkable quality deg-

radation was not observed in frozen samples stored for years in the biobank.

Assessment of selected preanalytical conditions using clinical cancer

samples

We selected the preanalytical conditions based on the results obtained using healthy samples

as follows. Blood samples collected using EDTA blood collection tubes were refrigerated

within 1 hour, plasma separation was performed within 12 hours, and the obtained plasma

Fig 5. Stability of plasma in storage periods up to 30 days at -20˚C. The library concentrations (A), identification rate (B) and UMI ratios (C) were

compared between samples stored for 1 hour and 1 day, 3 days, 5 days, 7 days and 30 days after blood collection from five healthy volunteers. The mean

miRNA expression profiles of samples stored for 1 hour vs. 1 day (D), 1 hour vs. 3 days (E), 1 hour vs. 5 days (F), 1 hour vs. 7 days (G), and 1 hour vs. 30 days

(H) were compared. MiRNAs with levels that exhibited a fold change greater than 2-fold or less than half-fold are indicated outside of the dashed lines. The X-

axis or Y-axis of the scatter plot indicates log2(miRNA expression counts). Significant differences were identified using one-way ANOVA with a post hoc

Dunnett’s test.

https://doi.org/10.1371/journal.pone.0278927.g005
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samples were frozen at -80˚C. Prior to the large-scale collection of clinical samples, the devel-

oped preanalytical conditions were validated using clinical samples collected on a small scale.

For this purpose, a total of 60 cancer samples were collected from three facilities (20 samples

per facility). First, the samples obtained from cancer patients were evaluated for equivalence

among the three facilities in terms of the library concentration (Fig 7A), identification rate

(Fig 7B) and UMI ratio (Fig 7C). Significant differences were not observed in these evaluations

among facilities. This finding suggested that the properties of the samples were equivalent

among different facilities.

Next, to examine the differences in the levels of hemolysis in samples obtained from differ-

ent facilities, the expression of hsa-miR-451a was compared. The fold changes in the levels of

this miRNA in samples collected at facility A vs. facility B, samples collected at facility B vs.

facility C and samples collected at facility A vs. facility C were 1.8-fold, 1.2-fold and 2.3-fold,

respectively. Significant differences were observed between samples obtained in facilities A

and C. However, the mean expression of hsa-miR-451a in samples collected at facility A was

within a standard deviation of the mean expression of hsa-miR-451a in samples collected at

facilities B and C. The same was true in comparisons of samples obtained from each individual

facility with samples obtained from the other two (Fig 7D). The variation in hemolysis levels

between samples obtained from different facilities did not exceed the variation observed in

samples obtained within facilities. In addition, to evaluate the differences in the levels of plate-

let contamination that occurred in samples obtained from different facilities, hsa-miR-126-3p

expression was measured. There were no significant differences in hsa-miR-126-3p expression

among samples obtained from facilities A, B and C (Fig 7E). The expression levels of platelet-

derived miRNAs hsa-miR-223-3p, hsa-let-7f-5p and hsa-miR-16-5p were not different among

samples obtained from the different facilities (S5 Fig).

Fig 6. Stability of plasma samples from a biobank over storage periods of up to five years. The library concentrations (A), identification rate (B) and UMI

ratios (C) were compared among samples stored for three years, four years and five years. The miRNA expression profiles of samples stored for 3 years vs. 4

years (D) and 3 years vs. 5 years (E) were compared. MiRNAs with levels that exhibited a fold change greater than 2-fold or less than a half-fold are indicated

outside of the dashed lines. The X-axis or Y-axis of the scatter plot indicate log2(miRNA expression counts). The expression levels of hsa-miR-451a (F), an

indicator of hemolysis, and hsa-miR-126-3p (G), an indicator of platelet contamination, are shown. The crossbar indicates the mean, and the error bar

indicates the standard deviation (SD). Significant differences were identified using one-way ANOVA with a post hoc Dunnett’s test and are indicated as �

p<0.05.

https://doi.org/10.1371/journal.pone.0278927.g006
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From these assessments it was revealed that major differences in the library concentration,

identification rate, UMI ratio or platelet contamination were not observed among samples

obtained from the three facilities. Although significant differences in hemolysis levels were

observed among samples obtained from the different facilities, those differences were not

based on the specific features of the facilities. The selected conditions were thought to demon-

strate robustness in the sample collection methods used among facilities. We found that the

optimal preanalytical conditions were established for the collection of samples from cancer

patients in multiple facilities.

Discussion

To determine the optimal preanalytical conditions for acquiring highly reproducible data, we

investigated the effects of anticoagulants and sample storage conditions on miRNA expression

profiles using plasma samples from healthy volunteer. Variances in the miRNA concentration,

library concentration, human genome identification rate, ratio of unique sequences and

expression profiles were compared between samples subjected to each condition. Then, the

optimal preanalytical conditions for acquiring highly reproducible data were established. The

selected preanalytical conditions included the use of EDTA as the anticoagulant, whole blood

storage at room temperature for 6 hours or 4˚C for 24 hours, and plasma storage at 4˚C or

-20˚C for within 30 days or -80˚C for within 5 years. Next, a protocol was formulated with

these preanalytical conditions, and samples obtained from cancer patients were collected from

three independent facilities. We found no significant differences in the distribution range of

measurements among samples obtained from the different facilities. The preanalytical condi-

tions identified in this study were shown to be practical for developing protocols to collect

samples from multiple facilities.

Fig 7. Assessment of estimated conditions using clinical samples from facilities A, B and C. The library concentrations (A), identification rate (B) and UMI

ratios (C) were compared among samples obtained from different facilities. The expression levels of hsa-miR-451a (D), an indicator of hemolysis, and hsa-miR-

126-3p (E), an indicator of platelet contamination, are shown. The crossbar indicates the mean, and the error bar indicates the standard deviation (SD).

Significant differences were identified using one-way ANOVA with a post hoc Tukey test and are indicated as �� p<0.01.

https://doi.org/10.1371/journal.pone.0278927.g007

PLOS ONE Establishment of preanalytical conditions for microRNA profile analysis of clinical plasma samples

PLOS ONE | https://doi.org/10.1371/journal.pone.0278927 December 14, 2022 15 / 21

https://doi.org/10.1371/journal.pone.0278927.g007
https://doi.org/10.1371/journal.pone.0278927


Plasma and serum are used at approximately the same frequency for cancer liquid biopsy.

A review article of studies on cancer-specific miRNAs reported that of 154 cancer-specific

miRNAs, 42% were discovered using plasma, 57% using serum, and 1% using both [23]. To

our knowledge, there is no consensus on whether plasma or serum should be used in discovery

studies for cancer-specific miRNA markers. Regarding serum preparation, differences in

miRNA expression profiles between samples obtained from different operators are assumed

since there are factors that depend on the manipulation technique, such as the times used for

clot formation and the intensity of inversion mixing. However, regarding plasma preparation,

there are thought to be fewer technique-dependent variations because only centrifugation is

needed after blood collection to obtain plasma samples. For these reasons, we selected plasma

so that a robust measurement system could be established by minimizing factors that depend

on manual procedures when samples are collected across multiple facilities.

We investigated time-dependent differences in miRNA expression profiles when whole

blood was refrigerated for 3 days, and we found that the expression of erythrocyte-derived

miRNA (hsa-miR-451a) increased proportionately in a time-dependent manner (Fig 3I). In

contrast, the levels of hsa-miR-197-3p (Fig 3K), hsa-miR-485-3p (Fig 3L) and hsa-miR-130b-

5b (Fig 3M) were found to decrease in a time-dependent manner. Regarding the storage of

plasma samples, it is known that the expression levels of hsa-miR-16 and hsa-miR-21 decrease

in a time-dependent manner to approximately 60% and 70% over 100 days at 4˚C [28].

Regarding the storage of serum samples, it was reported that miRNA concentrations showed

only a slight difference between 2 and 4 years of storage at -20˚C, whereas miRNA concentra-

tions decreased to approximately 1/2 after 6 years and to 1/4 after 10 years [45]. However, to

the best of our knowledge, there are no miRNAs that exhibited a time-dependent decrease in

expression in whole-blood samples, and this is the first report showing that hsa-miR-197-3p,

hsa-miR-485-3p and hsa-miR-130b-5b are potential markers for tracking sample degradation

in whole blood.

The expression of erythroid-derived hsa-miR-451a was more than 2-fold higher in plasma

obtained from NaF and SC tubes than in plasma obtained from EDTA tubes (Fig 2H), and 7 of

the 25 miRNAs that were highly expressed in plasma from both NaF and SC tubes were ery-

throid-derived (Table 1). The degree of hemolysis was higher when blood was collected in NaF

or SC blood collection tubes than in EDTA blood collection tubes. We speculated the following

on the basis of these results. It has been reported that NaF reduces the amount of linolenic

acid, a component of erythrocyte cell membranes, that is incorporated into the cell membrane

to 1/3 or less [46], suggesting that intracellular miRNA leaks from the damaged cell membrane

compartment. Although we could not find reports on the effects of SC on erythrocyte mem-

branes, it was suspected that if the SC blood collection tubes contain 3.2% SC pH 5.5 solution,

which is equivalent to 1/10 the volume of blood, the erythrocyte membrane could be damaged

by the pH gradient when the first drops of blood mix with the SC. Therefore, we speculated

that plasma collected in NaF and SC tubes would have higher levels of hemolysis than plasma

collected in EDTA tubes. Considering the results of this study, which showed higher expres-

sion of several erythroid-derived miRNAs in plasma collected from NaF and SC tubes and the

effects of NaF and SC on erythrocyte cell membranes, we recommend the use of EDTA as an

anticoagulant to reduce hemolysis levels.

The analysis of the expression of erythrocyte-derived hsa-miRNA-451a across facilities

revealed that the expression distribution range among facilities was less than the expression

distribution range among samples obtained at the same facility (Fig 7D). These results demon-

strate the potential for standardizing preanalytical conditions across facilities to establish a

robust miRNA assay system. However, significant differences were observed between samples

obtained from facility A and facility C (Fig 7D). This finding also suggests that samples
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obtained from the same facility could show significantly different degrees of hemolysis among

individuals. Therefore, when samples are collected from a number of facilities, it is assumed

that a certain number of samples with a high degree of hemolysis could be included. A method

to standardize the hemolysis level using the differential expression of hsa-miR-451a and hsa-

miR-23a-3p has also been reported [37]. To generate a classification model for multiple cancer

types, precise miRNA expression profiles are needed. We speculate that these miRNAs could

be applied as a quality criterion for data acquisition in the future.

We examined the effect of the type of anticoagulant used for plasma sample preparation

and the conditions of sample storage on the comprehensive miRNA expression profile. We

concluded the following: (i) EDTA should be used as an anticoagulant in blood collection

tubes; (ii) whole blood should be left at room temperature prior to plasma preparation within

6 hours and (iii) refrigerated within 24 hours; and plasma should be stored at (iv) 4˚C or -20˚C

within 30 days and at (v) -80˚C within 5 years. These findings are worth considering during

determinations of the type of anticoagulant and storage conditions for samples because they

contribute to reducing the variation in sample quality among facilities.
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(TIFF)

S1 Table. QC data from NGS measurement for comparison of variances among samples

subjected to different conditions.

(XLSX)

S2 Table. Count data of miRNA expression for analysis of miRNA profiles among samples

subjected to different conditions.

(XLSX)

Acknowledgments

We would like to thank the participants in this study for their involvement. We would like to

thank Hana Takahashi, Hiroko Oka, Hiroyuki Hamada and Yuko Yamakage for performing

NGS data acquisition; Hidetaka Nakamoto, Hitomi Fukushima, Keisuke Inagaki and Kiyohide

Ishikura for the contribution of recruiting healthy volunteers.

Author Contributions

Conceptualization: Kuno Suzuki, Tatsuya Yamaguchi, Masakazu Kohda, Masami Tanaka,

Takashi Nishizawa.

Data curation: Tatsuya Yamaguchi, Masakazu Kohda, Hiroyuki Takemura, Mitsuru Wakita,

Yoko Tabe, Shunsuke Kato, Motomi Nasu, Takashi Hashimoto, Shinji Mine, Nobuko Seri-

zawa, Ko Tomishima, Akihito Nagahara, Taiki Yamaji, Ken Kato, Shoji Yotsui, Takashi

Yamamoto, Tomoyuki Yamasaki, Hiroshi Miyata, Masayoshi Yasui, Takeshi Omori,

Kazuyoshi Ohkawa, Kenji Ikezawa, Tasuku Nakabori, Naotoshi Sugimoto, Toshihiro Kudo,

Keiichi Yoshida.

Formal analysis: Kuno Suzuki.

Investigation: Kuno Suzuki, Tatsuya Yamaguchi, Masami Tanaka, Takashi Nishizawa.

Methodology: Tatsuya Yamaguchi.

Project administration: Kuno Suzuki, Masami Tanaka, Yoko Tabe, Shunsuke Kato, Taiki

Yamaji, Yutaka Saito, Hiroyuki Daiko, Takaki Yoshikawa, Ken Kato, Takuji Okusaka,

Yusuke Yamamoto, Keiichi Yoshida, Takashi Nishizawa.

Resources: Hiroyuki Takemura, Mitsuru Wakita, Yoko Tabe, Shunsuke Kato, Motomi Nasu,

Takashi Hashimoto, Shinji Mine, Nobuko Serizawa, Ko Tomishima, Akihito Nagahara,

Takahisa Matsuda, Taiki Yamaji, Shoichiro Tsugane, Yutaka Saito, Hiroyuki Daiko, Takaki

Yoshikawa, Ken Kato, Takuji Okusaka, Yusuke Yamamoto, Shoji Yotsui, Takashi Yama-

moto, Tomoyuki Yamasaki, Hiroshi Miyata, Masayoshi Yasui, Takeshi Omori, Kazuyoshi

Ohkawa, Kenji Ikezawa, Tasuku Nakabori, Naotoshi Sugimoto, Toshihiro Kudo, Keiichi

Yoshida, Masayuki Ohue.

Supervision: Masakazu Kohda, Masami Tanaka, Shunsuke Kato, Takahisa Matsuda, Shoichiro

Tsugane, Ken Kato, Takahiro Ochiya, Yusuke Yamamoto, Masayuki Ohue.

PLOS ONE Establishment of preanalytical conditions for microRNA profile analysis of clinical plasma samples

PLOS ONE | https://doi.org/10.1371/journal.pone.0278927 December 14, 2022 18 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0278927.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0278927.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0278927.s007
https://doi.org/10.1371/journal.pone.0278927


Validation: Tatsuya Yamaguchi.

Writing – original draft: Kuno Suzuki.

Writing – review & editing: Masakazu Kohda, Yusuke Yamamoto, Takashi Nishizawa.

References

1. Kozomara A, Birgaoanu M, Griffiths-Jones S. miRBase: from microRNA sequences to function. Nucleic

Acids Res. 2019; 47: D155–D162. https://doi.org/10.1093/nar/gky1141 PMID: 30423142

2. Loke SY, Munusamy P, Koh GL, Chan CHT, Madhukumar P, Thung JL, et al. A Circulating miRNA Sig-

nature for Stratification of Breast Lesions among Women with Abnormal Screening Mammograms.

Cancers. 2019;11. https://doi.org/10.3390/cancers11121872 PMID: 31769433

3. Usuba W, Urabe F, Yamamoto Y, Matsuzaki J, Sasaki H, Ichikawa M, et al. Circulating miRNA panels

for specific and early detection in bladder cancer. Cancer Sci. 2019; 110: 408–419. https://doi.org/10.

1111/cas.13856 PMID: 30382619

4. Yokoi A, Matsuzaki J, Yamamoto Y, Yoneoka Y, Takahashi K, Shimizu H, et al. Integrated extracellular

microRNA profiling for ovarian cancer screening. Nat Commun. 2018; 9: 4319. https://doi.org/10.1038/

s41467-018-06434-4 PMID: 30333487

5. Barwari T, Joshi A, Mayr M. MicroRNAs in Cardiovascular Disease. J Am Coll Cardiol. 2016; 68: 2577–

2584. https://doi.org/10.1016/j.jacc.2016.09.945 PMID: 27931616

6. Olson EN. MicroRNAs as therapeutic targets and biomarkers of cardiovascular disease. Sci Transl

Med. 2014; 6: 239ps3. https://doi.org/10.1126/scitranslmed.3009008 PMID: 24898744

7. Small EM, Frost RJA, Olson EN. MicroRNAs add a new dimension to cardiovascular disease. Circula-

tion. 2010; 121: 1022–1032. https://doi.org/10.1161/CIRCULATIONAHA.109.889048 PMID: 20194875

8. Lugli G, Cohen AM, Bennett DA, Shah RC, Fields CJ, Hernandez AG, et al. Plasma Exosomal miRNAs

in Persons with and without Alzheimer Disease: Altered Expression and Prospects for Biomarkers.

PLoS One. 2015; 10: e0139233. https://doi.org/10.1371/journal.pone.0139233 PMID: 26426747

9. Maes OC, Chertkow HM, Wang E, Schipper HM. MicroRNA: Implications for Alzheimer Disease and

other Human CNS Disorders. Curr Genomics. 2009; 10: 154–168. https://doi.org/10.2174/

138920209788185252 PMID: 19881909

10. Cogswell JP, Ward J, Taylor IA, Waters M, Shi Y, Cannon B, et al. Identification of miRNA changes in

Alzheimer’s disease brain and CSF yields putative biomarkers and insights into disease pathways. J

Alzheimers Dis. 2008; 14: 27–41. https://doi.org/10.3233/jad-2008-14103 PMID: 18525125

11. Zou R, Loke SY, Tan VKM, Quek ST, Jagmohan P, Tang YC, et al. Development of a microRNA Panel

for Classification of Abnormal Mammograms for Breast Cancer. Cancers 2021, 13, 2130. s Note: MDPI

stays neutral with regard to jurisdictional claims in published . . .; 2021. Available: https://pdfs.

semanticscholar.org/c47b/c16d1aaa7d9358005e491cfd50330b43cc1b.pdf https://doi.org/10.3390/

cancers13092130 PMID: 33925125

12. Zhang H, Zou X, Wu L, Zhang S, Wang T, Liu P, et al. Identification of a 7-microRNA signature in

plasma as promising biomarker for nasopharyngeal carcinoma detection. Cancer Med. 2020; 9: 1230–

1241. https://doi.org/10.1002/cam4.2676 PMID: 31856390

13. Zhang H, Zhu M, Shan X, Zhou X, Wang T, Zhang J, et al. A panel of seven-miRNA signature in plasma

as potential biomarker for colorectal cancer diagnosis. Gene. 2019; 687: 246–254. https://doi.org/10.

1016/j.gene.2018.11.055 PMID: 30458288

14. Zhou X, Wen W, Shan X, Zhu W, Xu J, Guo R, et al. A six-microRNA panel in plasma was identified as

a potential biomarker for lung adenocarcinoma diagnosis. Oncotarget. 2017; 8: 6513–6525. https://doi.

org/10.18632/oncotarget.14311 PMID: 28036284

15. Shimomura A, Shiino S, Kawauchi J, Takizawa S, Sakamoto H, Matsuzaki J, et al. Novel combination

of serum microRNA for detecting breast cancer in the early stage. Cancer Sci. 2016; 107: 326–334.

https://doi.org/10.1111/cas.12880 PMID: 26749252

16. Zhu C, Ren C, Han J, Ding Y, Du J, Dai N, et al. A five-microRNA panel in plasma was identified as

potential biomarker for early detection of gastric cancer. Br J Cancer. 2014; 110: 2291–2299. https://

doi.org/10.1038/bjc.2014.119 PMID: 24595006

17. Motamedi M, Hashemzadeh Chaleshtori M, Ghasemi S, Mokarian F. Plasma Level Of miR-21 And

miR-451 In Primary And Recurrent Breast Cancer Patients. Breast Cancer. 2019; 11: 293–301. https://

doi.org/10.2147/BCTT.S224333 PMID: 31749630

PLOS ONE Establishment of preanalytical conditions for microRNA profile analysis of clinical plasma samples

PLOS ONE | https://doi.org/10.1371/journal.pone.0278927 December 14, 2022 19 / 21

https://doi.org/10.1093/nar/gky1141
http://www.ncbi.nlm.nih.gov/pubmed/30423142
https://doi.org/10.3390/cancers11121872
http://www.ncbi.nlm.nih.gov/pubmed/31769433
https://doi.org/10.1111/cas.13856
https://doi.org/10.1111/cas.13856
http://www.ncbi.nlm.nih.gov/pubmed/30382619
https://doi.org/10.1038/s41467-018-06434-4
https://doi.org/10.1038/s41467-018-06434-4
http://www.ncbi.nlm.nih.gov/pubmed/30333487
https://doi.org/10.1016/j.jacc.2016.09.945
http://www.ncbi.nlm.nih.gov/pubmed/27931616
https://doi.org/10.1126/scitranslmed.3009008
http://www.ncbi.nlm.nih.gov/pubmed/24898744
https://doi.org/10.1161/CIRCULATIONAHA.109.889048
http://www.ncbi.nlm.nih.gov/pubmed/20194875
https://doi.org/10.1371/journal.pone.0139233
http://www.ncbi.nlm.nih.gov/pubmed/26426747
https://doi.org/10.2174/138920209788185252
https://doi.org/10.2174/138920209788185252
http://www.ncbi.nlm.nih.gov/pubmed/19881909
https://doi.org/10.3233/jad-2008-14103
http://www.ncbi.nlm.nih.gov/pubmed/18525125
https://pdfs.semanticscholar.org/c47b/c16d1aaa7d9358005e491cfd50330b43cc1b.pdf
https://pdfs.semanticscholar.org/c47b/c16d1aaa7d9358005e491cfd50330b43cc1b.pdf
https://doi.org/10.3390/cancers13092130
https://doi.org/10.3390/cancers13092130
http://www.ncbi.nlm.nih.gov/pubmed/33925125
https://doi.org/10.1002/cam4.2676
http://www.ncbi.nlm.nih.gov/pubmed/31856390
https://doi.org/10.1016/j.gene.2018.11.055
https://doi.org/10.1016/j.gene.2018.11.055
http://www.ncbi.nlm.nih.gov/pubmed/30458288
https://doi.org/10.18632/oncotarget.14311
https://doi.org/10.18632/oncotarget.14311
http://www.ncbi.nlm.nih.gov/pubmed/28036284
https://doi.org/10.1111/cas.12880
http://www.ncbi.nlm.nih.gov/pubmed/26749252
https://doi.org/10.1038/bjc.2014.119
https://doi.org/10.1038/bjc.2014.119
http://www.ncbi.nlm.nih.gov/pubmed/24595006
https://doi.org/10.2147/BCTT.S224333
https://doi.org/10.2147/BCTT.S224333
http://www.ncbi.nlm.nih.gov/pubmed/31749630
https://doi.org/10.1371/journal.pone.0278927


18. Porzycki P, Ciszkowicz E, Semik M, Tyrka M. Combination of three miRNA (miR-141, miR-21, and

miR-375) as potential diagnostic tool for prostate cancer recognition. Int Urol Nephrol. 2018; 50: 1619–

1626. https://doi.org/10.1007/s11255-018-1938-2 PMID: 30014459

19. Sierzega M, Kaczor M, Kolodziejczyk P, Kulig J, Sanak M, Richter P. Evaluation of serum microRNA

biomarkers for gastric cancer based on blood and tissue pools profiling: the importance of miR-21 and

miR-331. Br J Cancer. 2017; 117: 266–273. https://doi.org/10.1038/bjc.2017.190 PMID: 28641313

20. Wang J, Chen J, Chang P, LeBlanc A, Li D, Abbruzzesse JL, et al. MicroRNAs in plasma of pancreatic

ductal adenocarcinoma patients as novel blood-based biomarkers of disease. Cancer Prev Res. 2009;

2: 807–813. https://doi.org/10.1158/1940-6207.CAPR-09-0094 PMID: 19723895

21. Witwer KW. Circulating microRNA biomarker studies: pitfalls and potential solutions. Clin Chem. 2015;

61: 56–63. https://doi.org/10.1373/clinchem.2014.221341 PMID: 25391989

22. He Y, Lin J, Kong D, Huang M, Xu C, Kim T-K, et al. Current State of Circulating MicroRNAs as Cancer

Biomarkers. Clin Chem. 2015; 61: 1138–1155. https://doi.org/10.1373/clinchem.2015.241190 PMID:

26319452

23. Jarry J, Schadendorf D, Greenwood C, Spatz A, van Kempen LC. The validity of circulating microRNAs

in oncology: five years of challenges and contradictions. Mol Oncol. 2014; 8: 819–829. https://doi.org/

10.1016/j.molonc.2014.02.009 PMID: 24656978

24. Mussbacher M, Krammer TL, Heber S, Schrottmaier WC, Zeibig S, Holthoff H-P, et al. Impact of Antic-

oagulation and Sample Processing on the Quantification of Human Blood-Derived microRNA Signa-

tures. Cells. 2020;9. https://doi.org/10.3390/cells9081915 PMID: 32824700

25. Glinge C, Clauss S, Boddum K, Jabbari R, Jabbari J, Risgaard B, et al. Stability of Circulating Blood-

Based MicroRNAs–Pre-Analytic Methodological Considerations. PLOS ONE. 2017. p. e0167969.

https://doi.org/10.1371/journal.pone.0167969 PMID: 28151938

26. Kim D-J, Linnstaedt S, Palma J, Park JC, Ntrivalas E, Kwak-Kim JYH, et al. Plasma components affect

accuracy of circulating cancer-related microRNA quantitation. J Mol Diagn. 2012; 14: 71–80. https://doi.

org/10.1016/j.jmoldx.2011.09.002 PMID: 22154918

27. Kim SH, MacIntyre DA, Sykes L, Arianoglou M, Bennett PR, Terzidou V. Whole Blood Holding Time

Prior to Plasma Processing Alters microRNA Expression Profile. Front Genet. 2021; 12: 818334.

https://doi.org/10.3389/fgene.2021.818334 PMID: 35096023

28. Sourvinou IS, Markou A, Lianidou ES. Quantification of circulating miRNAs in plasma: effect of preana-

lytical and analytical parameters on their isolation and stability. J Mol Diagn. 2013; 15: 827–834. https://

doi.org/10.1016/j.jmoldx.2013.07.005 PMID: 23988620

29. Mraz M, Malinova K, Mayer J, Pospisilova S. MicroRNA isolation and stability in stored RNA samples.

Biochem Biophys Res Commun. 2009; 390: 1–4. https://doi.org/10.1016/j.bbrc.2009.09.061 PMID:

19769940

30. Chen S, Zhou Y, Chen Y, Gu J. fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics.

2018; 34: i884–i890. https://doi.org/10.1093/bioinformatics/bty560 PMID: 30423086
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