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An efficient method for long-term room temperature

storage of RNA

Anne-Lise Fabre®!2, Marthe Colotte?, Aurélie Luis?, Sophie Tuffet!? and Jacques Bonnet!3*

RNA is a tool used in many fields, from molecular and cellular biology to medicine and nanotechnology. For most of these uses,
the integrity of RNA is required and must be maintained during storage. Even though freezing is currently the storage method
of choice, the increasing number of samples to be stored and the costly use of a cold chain have highlighted the need for room
temperature preservation methods. Here, we report a new room temperature technology that consists in drying RNA samples

in the presence of a stabilizer in stainless steel minicapsules. These air- and water-tight capsules isolate RNA from the
atmosphere and maintain an anhydrous and anoxic environment. Through the evaluation of RNA integrity over time at room
temperature or 90 °C, we identified atmospheric humidity as a major deleterious factor. The degradation rate dependence in
temperature fitted an Arrhenius model, with an activation energy of 28.5 kcal/mol and an extrapolated room temperature
degradation rate of 3.2 10 ~13/nt/s (95% confidence interval: 2.3-4.2/nt/s). In these conditions, it is expected that an RNA
molecule will be subjected to 0.7-1.3 cut every 1000 nucleotides per century. In addition, we showed that stored RNA is
compatible for further analyses, such as reverse transcription-quantitative PCR. No significant change in the C, values was
observed over a simulated period of several decades. At last, our data are consistent with a sequence-independent degradation

rate of RNA in the solid state.
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INTRODUCTION

RNA is a tool used in many fields, from molecular and cellular biology
to medicine and nanotechnology. For instance, RNA populations
(whole or subsets) are quantitatively analyzed for studying cellular
functions, elucidating normal or pathological mechanisms or seeking
molecular signatures for diagnostic purposes (microarrays, RNAseq).
In addition, specific RNA species are used as clinical standards"? or as
agents for controlling gene expression (siRNA, ribozymes). For
reviews, see Baginsky et al,> Malone et al,* Wang et al.

For most of these uses, integrity of RNA is required and must be
maintained during storage. However, this molecule can be affected by
multiple degradation reactions. First, it is very sensitive to oxidation
by reactive oxygen species. In vivo, they are produced by respiration.®
Outside the cell, they can be generated by mechanisms generally
involving metallic ions.”® Oxidation could also result from attacks by
ozone, an atmospheric pollutant that rapidly reacts with RNA either
in solution or in the solid state.” Degradation can also occur through
the activity of some metallic complexes catalyzing the hydrolytic
cleavage of the phosphodiester bond or by contaminating nucleases.

However, the main degradative event is the spontaneous cleavage of
the phosphodiester linkage through transesterification resulting from
a nucleophilic attack of the phosphorus atom by the neighboring
2'OH. A large variety of agents such as specific acids and bases as well
as Bronsted acids and base acting as catalysts can be involved. For
reviews, see Emilsson et al'® and Oivanen et al.!! RNase A and some
ribozymes share this mechanism.!? Water is involved, for instance, by

providing hydroxyl or hydronium ions or by allowing proton transfer.
As expected, dehydration of RNA strongly inhibits its degradation.!?
However, partial rehydration by atmospheric water restores the initial
instability while still in the solid state.!®

Another characteristic of the reaction is that it is highly dependent
on the geometry of the molecule. Indeed, in the transition state, the
2’ oxygen, the phosphorus and a negatively charged oxygen of the
phosphate group must be ‘in line’ This structural requirement leads
up to 10000-fold rate variations depending on the local secondary
and tertiary structures of the molecule.!>

In order to prevent degradation, RNA samples are generally stored
frozen at —20 °C or —80 °C or under liquid nitrogen. However, even
at a low temperature, RNA retains some reactivity. It has been shown,
for instance, that ribonucleases are still active at —20°C on frozen
RNA.!® In addition, the activity of some ribozymes is still significant
at —70°C!® and can even be enhanced by freezing.!>!” More
importantly, the increase in the number of samples that need to be
stored by up to hundreds of thousands in biorepositories, biobanks
and biological resource centers leads to problems of space, costs,
maintenance and security.!® Shipping of RNA samples, usually done
in dry ice, is costly and can be challenging for air transportation
(regulations, limited weight, long distance travel, and so on).
Obviously, an effective room temperature storage and shipping
procedure is needed.

To answer this need, several methods for room temperature storage
of purified RNA procedures have been proposed. Some companies
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offer commercial solutions in which RNA is dehydrated in the
presence of hydrophilic additives, claimed to protect RNA by
entrapment in matrices.'® However, being hydrophilic, they cannot
be expected to protect the sample against atmospheric water during
storage. Procedures using RNA adsorption on insoluble solid matrixes
have also been described. Whatman’s FTA paper binds nucleic acids
and inactivates ribonucleases but the amounts to be stored and
retrieved are low and the storage time is limited.?? Another procedure
uses adsorption of the sample on a solid substrate in the presence of a
reducing agent and storage in an organic solvent.?! However, no
validation of this procedure has yet been published. At last, a method
involving a chemical protection of the 2" OH- is promising, but it
necessitates an additional deprotection step and awaits further
validation.?? In addition, although all these procedures claim to be
efficient in storing RNA, none of them gave a quantitative estimation
of the RNA lifetime under the conditions they used. To provide an
optimal RNA protection at ambient temperature, we extended to
RNA a procedure previously validated for the storage of DNA.?>24 In
this process, RNA is thoroughly dried in the presence of an additive
and kept in airtight and waterproof stainless steel minicapsules under
an anhydrous and anoxic atmosphere.

Here we showed that (1) efficient RNA storage required full
protection from the atmosphere; (2) the room temperature degrada-
tion rates of a set of RNA species (mRNAs as well as rRNAs) were
proportional to their lengths, suggesting that in the solid state most
RNA molecules degraded independently of their sequence; and (3)
our procedure made the RNA degradation rate slow enough to allow
reliable gene expression studies after long-term storage. Most impor-
tantly, we gave a quantitative estimation of the RNA lifetime when
RNA was stored protected from the atmosphere.

MATERIALS AND METHODS

RNA sources and preparation

All the glassware and solutions were RNAse-free. A 3313 nucleotide-long
HPLC-purified mRNA, coding for yeast f3-galactosidase, was purchased from
Mitoprod (Bordeaux, France). Human total RNA was prepared from HeLa
cells. Pellets of 5x 10° cells were resuspended in 1ml of lysis buffer (4m
guanidine thiocyanate, 1% f-mercaptoethanol, 40 mm sodium acetate, 0.17 %
sarkosyl) and extracted by an equal volume of phenol:chloroform:isoamyl
alcohol (250:49:1) and then precipitated by adding 1 volume of isopropyl
alcohol and 0.1 volume of sodium acetate (2m, pH 4) to the aqueous phase.
The RNA pellet was washed with 70% ethanol and resuspended in RNAse-free
water. To obtain different RNA preparations, bacterial total RNA was extracted
from Escherichia coli cells following the same protocol but with one or two
extraction steps with the phenol:chloroform:isoamyl alcohol (250:49:1) solution.
The overall quality of these various RNA preparations was the same. To
increase the variability among the samples, RNA was resuspended in either
water, TE buffer (10 mm Tris-HCl pH 8 and 1 mm EDTA) or Tris buffer (10 mm
Tris-HCl pH 8). RNA quality and quantity were evaluated by UV measure-
ments (spectrophotometer, SmartSPECTM 3000, Bio-rad, Marnes-la-Coquette,
France) and by agarose gel electrophoresis. All RNA samples were stored frozen
at 80 °C before being processed.

RNA encapsulation

Preliminary studies (not shown here) indicated, first, that optimal RNA
stability was reached by using an Imagene proprietary stabilizer and, second,
that RNA retrieval after treatment and storage was quantitative. In each
experiment, 2ug of RNA was mixed with the stabilization solution and
deposited in a 0.2 ml glass insert contained in a stainless steel minicapsule. The
solution was then thoroughly vacuum-dried. The minicapsules were then laser-
welded under anhydrous argon according to the process developed by Imagene
company.2* When needed, capsules were opened and RNA was rehydrated by
adding 20 or 30 ul of water, followed by 10-min incubation on ice.
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Accelerated degradation studies

Minicapsules were heated at temperatures ranging from 50 to 130 °C in an
oven. For studying the effect of moist air exposure, a set of minicapsules were
opened and placed in an atmosphere of approximately 50% relative humidity
inside closed glass bottles as previously described in.»** At each time point,
the capsules were quickly removed from the oven and stored at 20 °C until
analysis. The f; time was set at 10min to allow the establishment of
temperature and hydration equilibriums.

Analyses by capillary electrophoresis

Total RNA samples (200 ng) were heat denatured for 2 min at 70 °C and run
with an RNA 6000 nano kit on a Bioanalyzer (Agilent Technologies, Les Ulis,
France).

Agarose gel electrophoresis and quantitative analysis

Five hundred nanograms of RNA samples were analyzed using agarose gel
electrophoresis as it gives a quantitative measurement of fluorescence signals.
RNA was heat denatured for 5min at 70 °C or 75°C before being run on a
1.5% agarose gel at 50V in TAE 0.5X (40 mm Tris acetate, ] mm EDTA). The
gels were stained for 1 h with ethidium bromide (500 ng/ul) and photographed
with a digital imaging device under UV light (Quantum ST4 1000, Vilber
Lourmat, Marne-la-vallée, France). The images were analyzed with the BiolD
image analysis software (Vilber Lourmat). RNA bands of interest (28S for
human total RNA, 23S for bacterial rRNA and mRNA) were identified and
their fluorescence was recorded. As fluorescence intensities are proportional to
RNA mass in these conditions, the proportion of intact RNA was calculated by
normalizing fluorescence intensities to the fluorescence intensity at f, time.
Proportions were normalized to represent the proportion of intact phospho-
diester bond by taking into account the size of the molecule of interest
(285 =5070 nt, 23S =2904 nt, mRNA = 3313 nt).

Statistical analysis, estimation of degradation rates and the
Arrhenius model

Proportions of intact phosphodiester bonds in the studied RNA species were
plotted against incubation time. The degradation kinetic constant for a given
temperature, kr, was determined by fitting the data points to an exponential
decrease, where the proportion of intact phosphodiester bonds is e ¥ with T
being the temperature in K and ¢ being the heating time in seconds.

Estimation of the log,kr confidence intervals was performed with the R
software linear regression tool.

To construct the Arrhenius plot of RNA degradation in the minicapsules,
two methods were used. First, the kr values were estimated by exponential
curve fitting and used on the Arrhenius plot, log kr=£(1/T). The k;5-c can
then be extrapolated through linear regression. The second method used a
personal R program allowing the determination of confidence intervals on the
extrapolated values of kr by fitting all the data points of the kinetics at the
same time?> (Supplementary Data S1).

Reverse transcription and quantitative PCR experiments on RNA
heated at 90 °C to accelerate aging

Capsules were heated at 90 °C for up to 30 days and stored at
use.

After rehydration, the equivalent of 700 ng of total RNA was converted into
cDNA either using (dT);3 (Fermentas, Dominique DUTSCHER SAS,
Brumath, France) for reverse transcription initiation at the 3’ end of mRNAs
(Figure 3) or the ‘verso cDNA synthesis’ kit (Abgene, Dominique DUTSCHER
SAS) with random hexamers (Figure 4). The reaction mixture was incubated
for 5min at 25 °C, for 45 min at 42 °C and then for 2 min at 95 °C. A fivefold-
diluted cDNA solution of 2 ul was used for quantitative PCR (qgPCR) with the
‘maxima SYBRGreen qPCR master mix ROX solution’ provided in the kit
(Fermentas). Each 25 ul reaction volume contained 250 nm of each forward and
reverse primer (Table 1) and 5ul of a 100-fold diluted ROX solution in
addition to cDNA. After 10 min at 95 °C, the 40 cycles (15s at 95°C, 30s at
60°C and 30s at 72°C) were carried out on the Agilent MX3000p machine.
No template control and no reverse transcriptase controls were included on
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each plate of QPCR. qPCR reactions were set up in duplicate. The Cg values
were calculated using the MXPro software (amplification-based threshold, data
treated individually). Amplicon targets in transcripts from eight genes —
GAPDH, PSMB6, TUBAIB, PPIE, TBP, EEFlal, ff2M and 18S (GenBank
accession numbers are reported in Table 1) — were used. The transcripts are
expressed at different levels in HeLa cells: from highly abundant (18S) to very
low (TBP) via intermediate levels. Amplicon lengths varied from 75pb to
221pb (Table 1).

Size dependency of RNA degradation rate in the minicapsules
Reverse transcription-qPCR (RT-qPCR) reactions were set up using (dT);g for
the reverse transcription of aged or control mRNA as described in the above
paragraph. The C, for each reaction was plotted as a function of the incubation
time at 90 °C. The values of k were calculated from the linear relationship of
Cq=fltgp°c) as shown below. At the time, #

Ny=Nye "
Ny=N:(1+E)“=N,e ¥(1+E)%

In(Ng) = In(N;,)  kt+ CqIn(1 +E)

where Ny, N; and Ng are the copy numbers of the considered amplicon,
respectively, at the beginning, at time ¢ and at the threshold of the degradation
kinetic. Ny is constant for a given run of qPCR.

E signifies PCR efficiency. According to the literature and our present work,
E is independent of the degradation state and can be considered a constant for
a given amplicon (see Discussion).

Therefore, Cq.In(1+E) =k.t+1n(Ng)  In(N,) and
k 1 N,
= : An(2
“haan ! Thorn P,

As E, Ny, and Ny are constants, Cq values plotted as a function of time must
be fitted by a straight line, with a slope being (k/(In(1 + E)).

RESULTS

Degradation of solid-state RNA in the presence or absence of a
moist atmosphere

We first evaluated the stability of two RNA species at room
temperature. First, encapsulated f3-galactosidase mRNA samples were
left for up to 6 months at room temperature and run on an
electrophoresis gel (Figure la). On the basis of the measurements
of the fluorescence intensity of the bands, one can conclude that no
significant degradation occurred over this time period (Figure la).
Thereafter, we compared the degradation kinetics of rRNA when fully
protected from air and when exposed to air. As seen in Figure 1b,
RNA exposed to air exhibited a clear degradation: after 92 weeks at
room temperature, no intact 28S rRNA molecule could be seen and
the RIN value dropped from 7.3 to 2.0. In contrast, when protected
from air, the RIN number slightly dropped from 7.2 to 6.8 after 23
months at room temperature.

In order to quantify the degradation rate difference of RNA
preserved in the presence or absence of a moist atmosphere, RNA
aging was accelerated by heating. Degradation of total RNA was
performed at 90 °C either in closed capsules or in opened capsules,
and placed in a 50% relative humidity atmosphere (relative humidity
control was necessary to maintain RNA in the same hydration state as
it is at room temperature).

Figures 1c and d show that, after 8h of exposure at 50% relative
humidity, the amount of 28S rRNA band was no longer measurable,
whereas, when protected from air, about 90% of the 28S band was still
present. The degradation rate constants at 90 °C, kgg-c, as determined
by exponential curve fitting were 7.7 x 10 ~'%/nt/s and 1.9 x 10 ~8/nt/s
for RNA protected or unprotected from moist air, respectively. This
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corresponds to a 25-fold increase in the degradation rate constant at
90 °C.

Determination of the room temperature chain-breaking rate of air-
protected solid-state RNA

As the RNA degradation rate at room temperature in the mini-
capsules was slow, it was not possible to directly measure it over the
time of the study. However, it can be estimated by using the Arrhenius
model on data drawn from kinetics run at different temperatures. In
order to obtain a wide variety of samples, we used RNA samples that
differed in their origin (bacteria and human cell lines) and the nature
of the resuspension buffer used at the end of extraction (10 mm Tris-
HCI pH 7, 10 mm Tris-HCl 1 mM EDTA pH 8 and RNAse-free water
pH 7.2). Seventy-two kinetics were run at temperatures ranging from
50 to 130 °C (not shown). The proportion of two intact RNA species
(human 28S rRNA and E. coli 23S rRNA in total RNA samples) was
monitored over time. Supplementary Figure 1, Supplementary
Material, is a representative example of these kinetics.

R software was used for determining the strand-breaking rate
constant kr from each of the kinetics. The kp values and the
confidence intervals for all RNA species (28S and 23S) were averaged.
The logyy of these values gave a straight line when plotted as a
function of 1/T (K1) (Figure 3). The temperature dependency of the
RNA strand-breaking rates followed the Arrhenius model. No
discrepancies were found between the 28S and the 23S strand-
breaking rate constants. Thus, the degradation rate constant at room
temperature in the absence of both atmospheric water and oxygen
could be determined by linear extrapolation and was estimated to 3.2
10~13/nt/s at 25°C with a 95% confidence interval of (2.3—4.2)
10 ~'3/nt/s. This experiment also confirmed the decrease in stability
induced by exposure to moisture (Figure 3, drop data point).

Size dependency of RNA degradation rate in the minicapsules
The degradation rate constants at 90 °C were calculated for five
mRNA species by linear regression of the plots of Cy values as a
function of time (data not shown). These rate constants appeared to
be proportional to the distance between the 5’ of the terminal poly(A)
and the 5’ end of the amplicon (Figure 2) (y= 6.10 1% * (size in nt),
= 0.84). This suggests that, in the minicapsules, the RNA
degradation rate depends mainly on its size and can be considered
as being independent of its sequence and of the presence of local
structures.

At last, the normalized calculated k values for each mRNA species
were reported on the Arrhenius graph (Figure 3, small circles). These
values are in agreement with the other data summarized on the
Arrhenius graph.

QPCR validation experiments on minicapsule-stored RNA
As RT-gPCR measurements are widely used, in particular for gene
expression analysis, it was necessary to run this type of experiment on
aged RNA samples. Encapsulated human total RNA was heated at
90 °C for increasing periods of times. The rehydrated RNA samples
were submitted to a randomly primed reverse transcription, and
qPCR reactions were run on eight RNA species that have very
different levels of expression in HelLa cells. As controls, RT-qPCR
reactions for TUBA1B and 18S amplicons were run on RNA solutions
stored at —80 °C. Figure 4 shows either no significant changes or a
slight increase in the Cy values for EEFlal and f2M qPCR reactions.
The PCR efficiencies of the qPCR reactions remained stable over
the kinetics for each amplicon (SDs of the mean efficiency for each
amplicon were between 0.01 and 0.17 and did not correlate with the
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a B-galactosidase mRNA degradation, air protected
-80 °C room temperature -20 °C
time (weeks) 24 1 2 4 8 12 24 24

SD 15 36 15 31 9 28 7
b total RNA degradation at room temperature
air protected air exposed

92

8 24 36 44 72

B-galactosidase mRNA
(3313 nt)
44 72

intact mMRNA (%) 100 99 116 109 116 108 105 108
0 8 24 92
28S/18S 1.1 10 10 1.0 1.0 10 12:12 10 09 07 06 0.0

RIN 72 6.9 7 63 NA 66 68173 64 68 49 NA 2.0

c total RNA degradation at 90°C, air protected

time (h) 0 05 1 2 3 4 8 0 16 24 48 72 144 240
1 =
28S »

188 »

i”ta(iz)zas 100 113 94 98 101 96 87 | 100 8 8 8 57 29 13
) 7 4 12 4 5 10 47 22 34 24 20 15
d total RNA degradation at 90°C, air exposed (50 % RH)

tme(h) 0 05 1 2 3 4 8 0 16 24 48 72 144 240

e, > 100 102 98 77 3 18 8 ‘100 0 0 0 0 0 0

SD 7 4 1 0 3 1

Figure 1 RNA degradation at room temperature in the presence or absence of a moist atmosphere. f-Galactosidase mRNA samples (a) and total RNA
(b d) were dried and encapsulated under anoxic and anhydrous atmosphere. After incubation at room temperature, at —20°C or at 90°C, aliquots
corresponding to 500ng of the initial RNA amounts were denatured for 3min at 75°C and run on agarose gel. (a) Degradation of HPLC-purified
f-galactosidase mRNA. The proportion of undegraded mRNA in minicapsules stored at —20°C is given under each lane (the experiments were performed in
triplicate, but a single representative gel is shown). * —80°C’: RNA stored at —80°C for 24 weeks. ‘—20°C’: RNA in minicapsules stored at —20°C for
24 weeks. (b) Degradation of total RNA at room temperature. Half of the capsules were opened and exposed to air. The ratios of the fluorescence intensities
of 28S rRNA and 18S rRNA as well as the RIN values are given for each sample under the respective lanes. (c) Total RNA degradation at 90°C in the
absence of air (minicapsule conditions). Total RNA samples were dried and stored under anoxic and anhydrous atmosphere in minicapsules. They were
heated at 90 °C under 50% relative humidity (RH). Two kinetics were run for 8h and 240 h. Five hundred nanograms of total RNA samples were analyzed
on electrophoresis gels. The proportion of intact 28S molecule, measured by the BiolD software, is indicated for each time point (the experiments
were performed in triplicate; a single representative gel is shown). (d) Same as in (c), but with RNA exposed to air under 50% RH (the experiments were
performed in triplicate; a single representative gel is shown).
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Figure 2 Degradation rates as a function of RNA length on several mRNA
species. Total RNA samples in minicapsules were heated at 90°C to
accelerate aging. Reverse transcription reactions were set up using (dT);g
oligonucleotides. The qPCR reactions were run using a SybrGreen
fluorescent dye and transcript-specific oligonucleotides of TBP, f2M,
GAPDH, TUBA1B and PSMB6 as described in Materials and Methods
(cf Table 1). For each time point, the C, value was measured and plotted as
a function of time t. The relationship Cy=1(t) was linear for each mRNA
species (not shown) and allowed the calculation of the degradation rate
constants at 90°C, k. k was plotted as a function of the distance between
the 3’ end of the mRNA species (+ 18 nucleotides) and the 5" end of the
forward primer. The straight line is a linear fit through the data points.

degradation evolution over time). These data agree with previous
studies showing no change in PCR efficiency with RNA degradation.?

No difference in Cy values was observed between the control
solution stored at —80°C and the encapsulated RNA (TUBAI1B:
Cq: 20.55 and Cq:20.54, and 18S rRNA: Cq: 7.7 +/-0.15,
n= 4). These data as well as others (independent evaluations, to be
published) suggest that there is no bias in RT-qPCR outcome between
RNA stored in the minicapsules and RNA stored in solution at
—80°C.

In conclusion, RNA remained compatible with analyses by
RT-gPCR when preserved in minicapsules (see Discussion).

DISCUSSION

Air- and moisture-tight containers are necessary for reliable room
temperature storage of RNA

Our results (Figures 1 and 2) agree and extend previous observations
made on a ribozyme!? showing that almost complete water removal
strongly reduces the rate of RNA phosphodiester bond cleavage. This
is to be expected as water has a direct role in the transesterification
reaction, but reduction in degradation rate can also be due to a loss of
molecular mobility induced by the solid state.2® 28 However, if that is
well established for pharmaceuticals, there is no direct evidence for
nucleic acids.

The highly dehydrated state must be maintained as moisture
exposure increases the degradation rate through partial rehydration.?’
We also observed that the presence of an additive further increased
RNA stability (not shown here) but provided no protection against
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A 28S, H,0
77 0 238, H,0
‘7:; 8 - 5 < 23S, Tris-HCI, EDTA
@ ooO O 238, Tris-HCI
x 9 E \
E 288, 50% RH
o o
% 10 - o gPCR data
upper value of
11 1 confidence interval
extrapolation
12
lower value of
confidence interval
13 :
1 T 1 I T T T T 1 1 ' 1
24 2.6 2.8 3.0 3.2 3.4
1000/T (°K)
140 120 100 80 60 40 25

temperature (°C)

Figure 3 Temperature dependence of the degradation rate constant of RNA
stored in the minicapsules plotted according to the Arrhenius model.
Degradation rates (k) of 23S rRNA resuspended after purification in water
(open squares), Tris-HCI-EDTA (open diamonds) or Tris-HCI only (open
circles) and those of 28S rRNA resuspended in water (closed diamond)
were determined at temperatures ranging from 50 to 130 °C with R software
(285 =5070 nt 23S=2904 nt, mRNA=23313 nt). Degradation rates of
five mRNA species were calculated through RT-qPCR reactions (Figure 2).
Logio(k) value was plotted as a function of 1/T. Confidence interval (95%)
was calculated with R software as described in Methods. As a comparison,
the logio(k) corresponding to the 23S rRNA incubated in opened
minicapsules under 50% RH at 90 °C (drop) was also plotted.

< TUBa1b
o PSMB6
e PPIE
o TBP
A Eeflal
m f2M

* GAPDH
A18S rRNA

0.006
8 A A

0 24 4 120 288

incubation time at 90 °C (hours)

Figure 4 Evolution of C4 as a function of time at 90 °C. RT-gPCR reactions
and Cq calculations were performed as described in Materials and Methods
on amplicons from the following transcripts: TUBA1B (open diamonds),
PSMB6 (open squares), PPIE (closed circles), TBP (open circles), EEFlal
(open triangles), f2M (closed squares), GAPDH (closed diamonds) and 18S
rRNA (closed triangles). The slopes of the linear regressions are indicated
for each amplicon.

air exposure. This sensitivity to air exposure precludes the use of usual
laboratory plastic tubes for room temperature RNA storage as these
tubes are not moisture tight. In contrast, welded-sealed stainless
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Table 1 Gene identification and oligonucleotide sequences

GenBank Amplicon
Gene transcript ID length (bp) Oligonucleotides sequences
TBP NM_003194 90 For: cacgaaccacggcactgatt
Rev: ttttcttgetgecagtetggac
EEFIAI NM_001402 221 For: ctggagccaagtgctaacatg
Rev: actggtgttctcaaacccgg
B2M NM_004048 177 For: actacactgaattcacccc
Rev: tctgcttgettgctttttaa
18S NR_003286 112 For: cctggataccgcagctagga
Rev: gcggegcaatacgaatgeece
GAPDH NM_002046 120 For: ttggtatcgtggaaggactcatg
Rev: gggctctccagaacatcatce
PPIE NM_001195007 75 For: gegttcattccttttggaga
Rev: aaatcctcggtgcttttctg
TUBAIB NM_006082 107 For: ttacctcgactcttagcttgtcg
Rev: ggatggagatgcactcacg
PSMB6 NM_002798 116 For: gataccgggaagacctgatg

Rev: aatggcaaaggactgcctta

steel minicapsules maintain an anhydrous and anoxic atmosphere
over time.

Estimation of the degradation rate at room temperature of
encapsulated RNA

Through linear extrapolation of the Arrhenius plot (Figure 3), we
estimated the degradation rate constant of RNA stored in the
minicapsules at 25 °C to be 3.2 10 ~'3/nt/s (95% confidence interval:
2.3-4.2/nt/s). In these conditions, it is expected that an RNA molecule
will be subjected to 0.7-1.3 cut every 1000 nucleotides per century.
Accordingly, the f-galactosidase mRNA and the 28S rRNA are
expected to undergo less than 10% of degradation over a 24-month
period. This extrapolation agrees with the results of Figure 1.
The latter are to be compared with the results of a recent
paper from Brisco and Morley who found that, in solution, RNA
molecules undergo between 0.7 and 7.6 cut per 1000 nucleotides per
30min at 90°C.>° This corresponds to a degradation rate that is
about 1000-fold faster than that in the minicapsules at the same
temperature.

In these storage conditions, the activation energy of the strand-
breaking reaction is 28.5kcal/mol. This value is quite close to the
activation energy of the base-catalyzed cleavage in the solution of a
22-nucleotide-long RNA molecule, which was found to be 29 kcal 3!
This suggests that the degradation mechanism is the same as in
solution and that lowering the molecular mobility may not be
involved in degradation inhibition.

The linearity of the Arrhenius plot (Figure 3) over a wide range of
temperatures (50-130 °C) is a good indication that no other para-
meter apart from temperature (in particular, structural changes) is
significantly involved in the determination of the dehydrated RNA
degradation rate.3! This idea is supported by the data in Figure 2 and
by spectroscopic studies showing that dehydration had the same effect
as heating in destroying the secondary and tertiary structure.?’ This is
important as it is known that RNA degradation rates are very
heterogeneous in solution, mainly because of the variety of local
RNA conformation.!® The coherence between the rates of degradation
of eight different mRNA and rRNA species suggests that, in the
minicapsules, RNA may degrade independently of its sequence.
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In addition, the fact that the temperature dependency of the
degradation rate follows the Arrhenius model validates heating as a
way of simulating extended periods of time.

RT-qPCR on aged RNA. Implication for gene expression
measurements

Reverse transcription coupled to qPCR is widely used for gene
expression measurements (ie, the measure of the copy number
of specific transcripts). It has been shown to be sensitive even to
moderate degradation.?>32 3% A loose correlation has been seen
between C, increase and target size. For instance, short amplicons
(70-250bp) are more or less independent of a slight degradation of
the RNA quality, whereas products over 400bp are strongly
dependent.®® In the most currently used procedure (random
priming for the reverse transcription step), the loss of measured
copy number is less due to fragmentation of the sequence to be
amplified than due to a decrease in the priming efficiency of
this target. The decrease upon fragmentation is not directly
dependent on the length of the amplicon and is variable among
species. In some cases, it has even been seen that degradation could
raise the efficiency of the reverse transcription reaction.>% This is
probably due to suppression of the inhibitory effect of the RNA
secondary structure.>

According to our Arrhenius model, the last point of the kinetics at
90 °C simulates a 160-year storage period at room temperature. Even
up to this equivalent of 160-year storage, the Cy increase is not
significant (Figure 4). Tentative linear regressions showed low linear
regression coefficients and low slopes with a maximum slope of 0.01
Cqy value per year relative to the f2M transcript. According to this
value, the maximum Cq increase in 10 years at room temperature
should be 0.1 Cg, corresponding to a loss of 7% in copy number. The
minimum slope (a = 0.002 for TUBA1B and PSMB6) would result in
less than 1% copy number difference after 10 years of storage at room
temperature. The PCR efficiency did not change along the kinetics
and we saw some dependence on the length of the amplicon
(Table 1), which is in agreement with previous studies.?>*

These losses are acceptable for most gene expression measurements.
They could be minimized by reducing the size of the amplicon and by
using priming oligonucleotides complementary of sequences imme-
diately downstream of the target as done by Briscoe and Morley.>? At
last, some currently emerging gene expression techniques eliminate
the reverse transcription step. In this case, it will be advantageous to
have a storage procedure that allows a degradation rate similar for all
RNA sequences.

In conclusion, the process described here allows the following:
(1) reliable long-term RNA storage of molecular biology and
clinical standards or patient samples; (2) quantitative recovery
(Supplementary Figure 2); (3) economically sustainable archiving
and shipping by avoiding the maintenance and alarm costs of freezers
and by a 10-fold decrease in storage space due to the capsule size, for
instance; and (4) an ideal green alternative to —80°C freezers and
dry-ice shipping without reliance on chain cold chain from storage
to shipping.
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