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Highlights:

e miRNA degrade at storage.
e miRNA integrity depend on storage conditions.

e Individual miRNA differ in stability.

Abstract: Numerous preanalytical variables (sample collection, pretreatment and storage conditions,
miRNA extraction, efc.) can influence miRNA detection. Understanding the various properties of
miRNA, especially its stability in biofluids, is important in various types of miRNA studies, both
fundamental and applied. This study aimed to evaluate the influence of plasma storage conditions and
certain RNA extraction parameters on stability of endogenous miRNAs in human blood plasma. We
report stability kinetics of four endogenous miRNAs (-16, -19b, -23a, -451a) and cel-miR-39 as
exogenous miRNA under short and long-term incubation at different temperatures as well as the effect
of long-term storage on extracellular vesicles miRNAs stability. The most stable of the endogenous ones
was miRNA-23a. When studying archival samples (1-2 and 9-10 years of storage) of blood plasma from
healthy donors, it was shown, that the concentrations of all endogenous miRNAs are steadily decreasing.
These findings further show that endogenous miRNA levels do not remain stable during prolonged
storage at —20°C. Although packaging of miRNA in extracellular vesicles stabilizes miRNA to some
extent, it nevertheless the level decreases over a period of time from 6 months to 6 years. We have also
evaluated the effect of the reagents used in the extraction process on miRNA recovery. The addition of
guanidine isothiocyanate containing denaturation buffer alone prevented degradation of the synthetic
cel-miR-39 miRNA spiked-in to blood plasma. In the presence of denaturation buffer with or without
2-mercaptoethanol the yields were higher than with just 2-mercaptoethanol or in the absence of any
agents. Addition of the commercial RNA-stabilizing agent RNAlater did not result in significant
retention of miRNA in plasma, but significantly worsened the efficiency of miRNA isolation. Thus, the
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degradation rate of miRNAs can be affected by their structure and packaging. Addition of various
stabilization solutions to biofluids can affect the efficiency of miRNA extraction.

Keywords: miRNA; liquid biopsy; blood plasma; extracellular vesicles; stability
1. Introduction

MicroRNAs (miRNAs) are a class of short (~22 nt) endogenous, non-coding RNAs found to be highly
conserved in animals, plants, invertebrates, protozoa and certain viruses [1]. They function by
posttranscriptionally regulating gene expression through mRNA degradation or inhibition of translation
and thus take part in key of cellular processes such as of differentiation, development, proliferation, and
metabolism [2]. Release miRNAs can occur actively or passively [3] and extracellular or cell-free
miRNAs found in biological fluids are believed to be relatively stable, resisting degradation at room
temperature for several days and under such conditions as high or low pH, boiling, and multiple
freeze/thaw cycles [4]. Despite this, several reports have shown that at least certain miRNAs can exhibit
variable stability under these conditions and during storage at various temperatures [5—7]. Stability of
extracellular miRNAs is attributed to shielding by other biopolymers (primarily Argonaute proteins
AGOI1-4 [8-10]), packaging into extracellular membrane-bearing vesicles such as exosomes [11],
microvesicles (MVs) [12], and apoptotic bodies, or association with high- and low-density lipoproteins
(HDL and LDL, respectively) [13]. Besides, more recent researches have suggested possible role of
miRNA sequence, indicating a correlation of miRNA stability with the AU/GC ratio [14,15].

Critical role in regulation of cell function and relative abundance in clinical samples such as
plasma/serum, lymph, urine, and other body fluids, has attracted huge interest to cell-free miRNAs as
source of biomarkers for diagnostic and prognostic purposes, however, none of these biomarkers have
made it through clinical trials yet [16—18]. Currently no universally accepted systematic guidelines exist
for storage and processing of clinical samples for subsequent detection of circulating miRNAs
biomarkers. We know that numerous pre-analytical variables (sample collection, pre-processing and
storage conditions, miRNA extraction, efc.) can influence miRNA detection [19] but very little is known
about factors that determine the stability of individual miRNAs [19,20]. For example, cell-derived
miRNA contamination is one of the major sources of variation in plasma and serum. Therefore, fast and
adequate processing of blood into plasma/serum is crucial to avoid blood cell lysis leading to release of
intracellular miRNAs [21]. Pre-analytical conditions yielding reproducible results should be explored in
detail and properly validated in order to establish a gold standard protocol for sampling and processing
of biological fluids for analysis of miRNA expression [22].

This study aimed to evaluate the influence of plasma storage conditions and certain RNA extraction
parameters on stability of endogenous miRNAs in human blood plasma. We report stability kinetics of
four miRNAs under short and long-term incubation at different temperatures as well as the effect of
long-term storage on EVs (extracellular vesicles) miRNAs stability. Additionally, we have compared
miRNA vyields from fresh and archived blood plasma samples and effects of variations in miRNA
extraction protocol and RNA protective agent on isolation efficiency. Important disclaimer is that in this
study we use single-phase miRNA isolation method, which we have successfully used in several studies
aimed at searching miRNA biomarkers of lung cancer in blood [23]. Due to inherent differences of miRNA
extraction techniques results obtained here should not be generalized without additional validation.
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2. Materials and methods
2.1. Sample collection

According to ISEV recommendations, collection of the EV-containing fluid must be gentle, limiting cell
disruption [24]. We acted within the framework of these recommendations. Whole blood samples of 10
healthy male donors were obtained from E. Meshalkin National medical research center of the Ministry
of Health of the Russian Federation (Novosibirsk, Russia). All procedures were carried out in accordance
with relevant guidelines and the ethical standards of the institutional research committees. The study
was approved by ethical committees of ICBFM SB RAS (N 10 from 22.12.2008). Written informed
consent was obtained from all subjects before the blood extraction.

Venous blood was collected in ethylenediaminetetraacetic acid (EDTA) spray-coated vacutainers,
stored at 4 °C and processed into plasma and blood cells within 4 h of blood sampling. To obtain blood
plasma, samples were centrifuged at 400 g for 20 min at 4 °C, followed by centrifugation at 800 g for
20 min at 4 °C to remove cell debris and remaining platelets. Resulting blood plasma was aliquoted into
1.5 mL tubes and stored at —20 °C for no more than 3 months. Archived samples were processed
according to the same protocol and stored at —20 °C for a period of 9—11 years before RNA isolation.

2.2. Isolation and characterization of blood EVs

Total extracellular vesicles were obtained from 2 mL plasma by ultracentrifugation as described in [25].
The pellets were resuspended in PBS (1 mL), frozen in liquid nitrogen, and kept at —80 °C for later
miRNA isolation or EVs analysis. According to the recommendations of the ISEV [24], Transmission
Electron Microscopy was performed using the technique described in [25].

2.3. Storage experiments

To determine miRNA stability blood plasma aliquots were incubated at 37 °C, 25 °C, or 4 °C to induce
artificial aging for up to 6 months. Synthetic exogenous microRNA cel-miR-39 spiked-in at the isolation
stage was used as a control. At certain time intervals, aliquots of plasma were taken to room temperature
and miRNAs were isolated. For each time point 10 independent blood plasma aliquots were analyzed.

To determine miRNA stability a half of plasma EVs samples (n = 10) was incubated at =70 °C
during 6 month, another group (n = 10) was incubated at =70 °C during 6 years.

2.4. Assessment of a stabilizing agent

Plasma samples from healthy donors were thawed and incubated with RNAlater (Ambion, USA) for 5
minutes before RNA isolation. Ratio of RNAlater relative to plasma volume (150 uL) were as follows:
10%—-15 pL, 25%-37.5 uL, 50%—75 pL or 250%—375 pL.

2.5. miRNA isolation from blood plasma and plasma EVs

RNA was isolated from 150 pL of blood plasma and 250 pL of plasma EVs (resuspended in PBS) using
a single-phase extraction protocol described previously [26]. Briefly, frozen samples were thawed and
an aliquot is mixed with 0.03 V of 2-mercaptoethanol and 2 V of denaturing buffer (DB, 6 M guanidine
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isothiocyanate and 15 mM Tris—acetate, pH 6.5). Subsequently, if applicable, synthetic miRNA spike-in
control (cel-miR-39) was added to monitor the RNA extraction and immediately 9 V of 2:1
ethanol/chloroform solution was added and mixed thoroughly, followed by RNA purification on silica-based
spin column (BioSilica Ltd, Novosibirsk, Russia) and isopropanol precipitation into a final volume of 15 pLL
of RNAse-free water.

To assess the influence of reagents, plasma samples were incubated at room temperature for 2 hours
in the presence of each component separately or a complete denaturation mix - 2-mercaptoethanol,
guanidine-containing denaturing buffer or without any additives. After incubation the remaining
components were added and miRNA purification was performed as usual.

2.6. Reverse transcription and quantitative TagMan PCR

Quantification of miRNA (cel-miR-39) added to every sample at the isolation step (see above in the text)
as a spike-in control was used as normalizator within and between experiments.

Reverse transcription (RT) on miRNA templates was performed as described by Chen et al. [27].
Reactions were performed in a total volume of 10 pL and contained 2 pL of RNA, 50 nM each of
miRNA-specific primers, 100 units of MMLV-RH reverse transcriptase (Biolabmix, Novosibirsk,
Russia), 2 uL of 5x MMLYV reaction buffer (250 mM Tris-HCL, pH 8.3, 250 mM KCI, 20 mM MgCl,,
50 mM DTT), and 250 uM of each dNTP. The reaction conditions were as follows: 16 °C for 30 min,
42 °C for 30 min, and 72 °C for 10 min. Samples without RNA template were used as negative controls.
Resulting cDNA was diluted with 3 volumes of DNAse-free water.

Real-time PCR was carried out on the CFX 96™ Real-time System (Bio-Rad, USA). All reactions
were carried out in duplicate in a total volume of 30 pL. Each reaction contained 5 uL of diluted cDNA,
1 unit of Taq DNA polymerase (Biolabmix, Russia), 15 pL of 2X PCR buffer [750 mM TrisHCI (pH
8.8 at 25 °C), 200 mM (NH4)2SO4, 0.1% (V/V) Tween 20], 3.2 mM MgClz, 200 mM of each dNTP,
600 nM miRNA-specific forward primer, 800 nM universal reverse primer, and 300 nM specific
TagMan probe. After an initial denaturation at 95 °C for 3 min, the reactions were run for 50 cycles of
95 °C—15 s and 60 °C—45 s. The detection limit was calculated as the measured minimum concentration
of a specific oligonucleotide for each miRNA without interference from their respective primers.

Primers and probes for reverse transcription and TagMan qPCR (Table 1) were synthesized in the
Laboratory of Medicinal Chemistry (ICBFM SB RAS, Novosibirsk).

Table 1. Sequence of primers and probes for quantitative PCR.

Name Sequence
cel-miR-39-3p-RT primer >-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCAAGCT-3’
cel-miR-39-3p-Reverse primer *-ATTCACCGGGTGTAAATC-3’
cel-miR-39-3p-Probe ’-(FAM)-CACTGGATACGACCAAGCTGA~FQI1)-3’
hsa-miR-16-5p-RT primer >-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCGCCAA-3’
hsa-miR-16-5p -Reverse primer *-GCCCGTAGCAGCACGTAAATAT-3’
hsa-miR-16-5p-Probe ’-(FAM)-GCACTGGATACGACCGCCAA-(FQ)-3’
hsa-miR-19b-3p-RT primer >-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCAGTT-3’
hsa-miR-19b-3p-Reverse primer *-CGCTGTGCAAATCCATGCAA-3’
hsa-miR-19b-3p-Probe ’-(FAM)-GCACTGGATACGACTCAGTT-(FQ)-3°
hsa-miR-23a-RT primer >-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGGAAAT-3’
hsa-miR-23a-Reverse primer *-CTATCACATTGCCAGGGA-3’
hsa-miR-23a-Probe ’-(FAM)-TCGCACTGGATACGACGGAAAT-(FQ)-3°
hsa-miR-451a-RT primer >-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAACTCA-3’
hsa-miR-451a-Reverse primer *-CTGCAAACCGTTACCATTACT-3’
hsa-miR-451a-Probe ’-(FAM)-TCGCACTGGATACGACAACTCA-(FQ)-3°
Universal Forward primer *-GTGCAGGGTCCGAGGT-3’

(I IRV RV B BV B RO, B, B, B B, BV, IRV, R, B ]
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2.7. Statistics

Statistical comparisons were performed using Microsoft Excel. Group comparisons were made with
student test. p-values < 0.05 were considered statistically significant.

3. Results

To normalize data from different experimental synthetic ribooligonucleotide with sequence of cel-miR-39
was added to every sample tested at the isolation step after the sample was mixed with buffer, containing
2-mercaptoethanol and guanidine isothiocyanate inhibiting RNAse activity. Variation of spikes-in
control in the range of + 1 Ct around 27 cycles were the conditions for inclusion of data on the content
of microRNAs tested in sample in data analysis. Actually, the amount of spike-in control (cel-miR-39)
did not significantly varied in the studied samples throughout the entire study period. The spread of
values did not exceed 1 Ct (Figure 1).

Blood plasma storage

First, stability of miRNA during storage at different temperatures was investigated (Figure 1). When
incubated at 37 °C, a steady decline of miRNA levels was observed, but the rate of degradation varied
between miRNAs. Three miRNAs, namely miR-451a, miR-16 and miR-19b demonstrate similar
degradation rate and their concentrations have reached their respective limits of detection in 6 months.
Total ACt for 24 weeks (relative to the “fresh” sample) for these 3 miRNAs is equal to approx. 10. Decay
of miR-23a was less pronounced (ACt for 24 weeks relative to the “fresh” sample is about 2), suggesting
differences in stability of individual circulating miRNA in blood plasma (Figure 1A).
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Figure 1. Stability of miR-23a, miR-451a, miR-19b and miR-16-5p in plasma of healthy
volunteers at (A) 37 °C, (B) room temperature and (C) 4 °C.

When plasma was incubated at room temperature the degradation occurred slower: ACt for 16 weeks
relative to the “fresh” sample vary between 5 and 6 for all miRNAs tested (Figure 1B). Interestingly,
when comparing the data of miRNA expression in between nearest weeks at room temperature, miR-16
showed a p-value of significance < 0.001 from the first week of incubation, for miR-451 a p-value <
0.05 was observed for the first week and <0.001 in the following. It is noteworthy that for miR-19b only
ap <0.001 was observed until the fourth week of incubation.

Finally, we showed that during storage at 4 °C for 1 month the degradation curves for all miRNAs
were flattened, ACt for miR-19 relative to the “fresh” sample do not overexceed and for the resting
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miRNAs 4 weeks ACt do not overexceed 2, indicating slower decay. Plasma miRNA levels remain relatively
stable during this time, and in general, the effect of storage at 4 °C on circulating microRNA levels was less
than at higher temperatures. However, levels of less stable miR-19b showed moderate variation compared to
miR-451a and miR-16, establishing it as the least stable miRNA in this study (Figure 1C).

To assess the effect of long-term storage on miRNA stability, archival blood plasma from healthy
donors (n = 10) stored at —20 °C for 1-2 years were analyzed alongside collected blood plasma from
healthy donors (n = 10) stored at —20 °C for 9-10 years. Levels of endogenous miR-451a, miR-16, and
miR-19b were significantly lower in 9—10 years’ archival samples (5.2, 6.3, and 4.1 Ct difference,
respectively). These findings further show that endogenous miRNA levels do not remain stable during
prolonged storage at —20 °C (Figure 2).
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Figure 2. Effect of long term storage on miRNA concentration in plasma of healthy volunteers.
Samples were stored at —20 °C for 1-2 years or 9-10 years before thawing and miRNA extraction.
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Figure 3. The effect on reagents used in miRNA extraction of miRNA stability. Plasma samples
were incubated at room temperature for up to 2 hours in the presence of each component separately
or a complete denaturation mix - 2-mercaptoethanol, guanidine-containing denaturing buffer or
without any additives (control).

We have also evaluated the effect of the reagents used in the extraction process on miRNA recovery.
The addition of guanidine isothiocyanate containing denaturation buffer (DB) alone prevented
degradation of the synthetic cel-miR-39 miRNA spiked-in to blood plasma. In the presence of DB with

6



ExRNA Article

(Mix) or without 2-mercaptoethanol (Et-SH) the yields were higher than with just 2-mercaptoethanol or
in the absence of any agents. Interestingly, in the case of endogenous miR-16, the reagents do not appear
to have a significant effect on their levels. The Ct values for miR-16 do not depend on which reagent
was added to the reaction. This difference is most likely due to the shielding conferred to endogenous
miRNAs by packaging, which is absent from the exogenous control (Figure 3).

In attempt to counteract miRNA decay in blood plasma samples and increase yields, we tested the
effect of commercial RNA-stabilizing agent RNAlater. Surprisingly, no apparent positive effects on
recovery of endogenous miR-451a and miR-19b and synthetic cel-miR-39 were found when 10%, 25%,
50% or 250% of RNAlater (relative to plasma volume) were added (Figure 4). While addition of
RNAlater in a volume of 10% relative to the volume of plasma did not significantly affect the efficiency
of miRNA isolation, increasing the volume of'the solution to 25% resulted in noticeably decreased yields
(cel-miR-39—1.05 Ct, p <0.001; miR-451a—0.98 Ct, p < 0.001; miR-19b—1.07 Ct, p <0.001). When
50% of RNAlater was added Ct values increased sharply and reproducibility between repeated
experiments was low (data not shown). Differences in miRNA levels were 4—6 Ct compared to control
plasma. We tend to believe this decrease in isolation efficiency may be due to the disruption of phase
balance in the subsequent miRNA isolation which can lead to lower yields. Surprisingly, at 250% of
RNAlater the reproducibility between repetitions of the experiment was again high, but isolation
efficiency was even lower (cel-miR-39—3.62 Ct, p <0.001; miR-451a—3.87 Ct, p < 0.001; miR-19b—
3.90 Ct, p<0.001).
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Figure 4. The effect of RNAlater treatment on miRNA recovery. Plasma samples from healthy
donors were thawed and incubated with RN Alater for 5 minutes before RNA isolation.

To assess the effect of long-term storage of plasma EVs on miRNA stability (Figure 5), archival
blood plasma EVs from healthy donors (n = 10) stored at —80 °C for 6 months were analyzed alongside
collected blood plasma EVs from healthy donors (n = 10) stored at —80 °C for 6 years. According to
TEM, EVs from the blood plasma samples contained EVs mainly sized from 20 to 220 nm (data not
shown). Level of endogenous miR-16 was significantly lower in 6 years’ archival samples (2.2 Ct
difference), the difference in endogenous miR-19 level was not significant (1.5 Ct difference).
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Figure 5. Stability of miR-16 and miR-19b in plasma EVs of healthy volunteers at —80 °C for 6
months and 6 years.

4. Discussion

It was shown that level of cel-miR-39 used like spike-in control have a nice inter experimental
reproducibility [28]. The target miRNAs were selected for the current study based on the following
considerations: expression level of miR-16 in blood was shown not strongly depend on the state of
patient/donor and this miRNA was frequently used to normalize miRNAs expression in early studies of
miRNAs [28,29]. MiR-451a is expressed in red blood cells and usually occur in blood plasma at well
detectable level [30,31]. This hemolysis indicator can also easily be applied to archival data [30].
According to some data, miR-16 can also serve as an indicator of blood hemolysis, which reduces its
value as a normalizer [31]. The levels of miR-16 and miR-451, both present in significant levels in red
blood cells, were proportional to the degree of hemolysis [31]. MiR-23a unlike miR-451 is relatively stable
in plasma and serum and is not affected by hemolysis [32]. MiR-19b-3p belongs to the miR-17-92 cluster,
which possesses oncogenic properties and promoting cell survival [33] and are frequently used in the
miRNA panels for different type of cancer detection [34-37]. Nevertheless this miRNA is also presents
in normal blood plasma by its level is not so high [35,38]. Totally this set of miRNAs must present the
information of the storage of different type miRNAs in blood plasma.

It is know that miRNAs in blood circulated in complexes of proteins, lipids, or may be packed in
membrane coated structures like exosomes or microvesicles [39]. Complexes of miRNAs with
biopolymers in blood and blood plasma are rather stable, they are not easy to destroy, which is necessary
when isolating miRNAs [40,41]. At the same time complexes of miRNAs provide longer circulation time
of these molecules. Some of our selections miRNAs like miR-19b and miR-16 were found to be packed
in microvesicles and thus are to be more stable in blood [42—44]. Actually the level of RNAses in blood
plasma of healthy individuals reach 0.3 pg/mL [45] and RNAs have a limited lifetime in blood; the half-
live of endogenous mRNA and miRNA in the blood were reported to reach 16.4 hours [46], whereas more
than 99% of the naked added RNA could degrade in plasma after 15 seconds of incubation [47].

Moreover, RNAs are sensitive to oxidation. It is thought that free radicals that are chemical species
containing unpaired electrons in their outer orbit could play a very important role not only in the
oxidation of miRNAs [48] but also in the destabilization of its complexes causing their deprotection and
subsequent degradation [49]. Some studies indicate that RNA, such as ribosomal RNA and messenger
RNA, is more accessible to oxidative damage than other cellular components such as DNA or proteins.
Furthermore, free radicals can steal electrons for example from the lipids, resulting in their degradation
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and cell damage [50]. Out of a wide diversity of free radicals, the hydroxyl radical (OH") is highly
reactive and are directly responsible for most of the oxidative damage in biomolecules, including RNA.
The most prevalent oxidized base in RNA is 8-hydroxyguanosine resulting from the loss of an electron
and proton of C8-OH product of OH ‘reaction with guanine. Modification of ribose, base excision, and
strand break are in the list of RNA oxidative damages. The list of the oxidative damages of mRNA
inhibited reverse transcription [51].

Here we show that natural miRNAs have a different lifetime in blood plasma. The most stable is
miR-23a which was shown ACt for 24 weeks is about 2 (Figure 1A). MiR-16 and miR-451a have a
moderate stability, whereas miR-19a-3p is the less stable (Figure 1). The miRNAs studied showed
differentiated degradation rates possibly related to their means of transport or their primary structure. At
the same time, the levels of exogenous cel-miR-39 for each extraction did not differ significantly,
excluding sample-to-sample variation during extraction (Figure 1).

To stabilize miRNAs in blood many reagents were offered. There are firs targeted to inactivation of
RNAses and includes 2-mercaptoethanol to reduce disulfide bounds in RNAses, as well as chaotropic
salts and other additives [52]. Currently, there are many known commercially available reagents for
stabilizing RNA in blood, for example, PAXgene®, Tempus™, Trizol®LS, RNAlater solution and efc.
In the current study we investigated effect of RNAlater - the solution according to the specifications
avoids RNA degradation during tissue thawing and minimizes the laborious grinding of frozen tissue
while protecting the RNA. These qualities that give it an appeal for its use in the protection of miRNA
in biofluids as blood plasma and serum. For its implementation, we first evaluated its compatibility with
the miRNA isolation procedure (Figure 4) and we have observed that while RNAlater can be
successfully used to stabilize and protect cellular RNA in tissues, it is not instrumental in the miRNA
isolation process in blood plasma samples, while 5 volumes of the reagent relative to the sample are used
with the tissues for RNA protection, only 0.25 volumes relative to the plasma volume were sufficient to
significantly affect the amount of miRNA isolated, however, a relative volume of 0.1 did not show to
affect the isolated miRNA concentrations, further experiments should be performed in order to find out
if this volume is sufficient to effect some protection for these biomolecules.

Others reagents have been used extensively in order to stabilize samples for storage such as
guanidinium thiocyanate and phenol (Trizol). Nowadays, there have been described several techniques for
isolation of cell-free miRNAs, including; Trizol®LS liquid-liquid extraction and many commercial-kit
methods. Nonetheless, Trizol-based method accompanying with the stability of miRNAs in storage
conditions of serum, and cDNA derivatives has been questioned. There are many controversial data about
this reagent have reported that the efficacy of isolated miRNAs by use of the Trizol-based method was
up 35% lower than some commercial-kit methods, such a difference could lead to wrong data analysis
in the possible expression of a biomarker so there must be an active search for reagents that do not
present this type of inconvenience [19,53,54].

Nevertheless miRNAs degradation under enzymatic degradation looks not the only mechanism led
to miRNAs degradation in blood. The results obtained show that endogenous miRNA levels in EVs
degrade during long-term storage at —80 °C, however they are much more stable than cell free blood
plasma miRNAs during prolonged storage at —20 °C. Earlier the stability of miRNA from plasma EVs
isolated by ExoQuick™ Exosome Precipitation Solution stored up to 5 years at —20 °C was studied [55].
It was shown that miRNA EVs remain stable under such conditions. However, in other studies it was
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shown that 12 week storage at —80 °C of EVs isolated from cell culture-derived conditioned media by

ultracentrifugation or angential flow filtration (TFF) followed by size exclusion chromatography
resulted in significant decrease of both particle concentration and RNA amount [56] and 12 days storage
of blood EVs at =80 °C also decreased EVs concentration [57,58]. The stability of miRNAs is much
higher than long RNAs, however, the integrity violation of EVs will influence their miRNA cargo with
high probability. Taken together, all these results indicate that miRNAs are stable during long term
storage of plasma EVs which is, in fact, an expected result as soon as EVs membrane should preserve
packed miRNAs from degradation and a slight decrease in EVs miRNA levels may be related to the EVs

integrity violation.
5. Conclusion

Data suggests that the short term stability of some cell-free miRNAs does not seem to be greatly affected
by the fact that miRNA released from cells is usually packaged in some form, including HDL and LDL,
exosomes, vesicles, and apoptotic bodies. Due to these different forms of packaging and their primary
structures, their rate of degradation may be affected in long term and therefore exhibit greater or lesser
stability against different conditions. In contrast, spiked in control miRNAs are rapidly degraded in
nondenatured plasma and even after the treatment with some denaturing reagents.
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