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Reverse transcription and quantitative polymerase chain reaction (RT-qPCR) has become the most common
method for characterizing expression patterns of individual mRNAs due to a large dynamic range of linear
quantification, high speed, sensitivity, resolution and cost-effectiveness. However, the complexity of the pro-
tocol, variability of reagents, an inconsistent quality of biological samples, and the absence of standardized
methods of data quantification may produce inconsistent results. In an effort to to standardize ithe procedure
and assure high reliability of data, the minimum information for publication of quantitative real-time PCR
experiments (MIQE) guidelines was defined and further extended by Prof. Bustin and colleagues (2004).
These guidelines have been followed by the development of an XML-based real-time PCR data markup lan-
guage (RDML) and a RDML data base for consistent reporting of RT-qPCR data. Here we follow the RT-qPCR
procedure step by step in compliance with MIQE requirements, local facilities and resources and our own

experience in application of RT-qPCR methodology.
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“Garbage in, garbage out” a teaching mantra by George Fuechsel, an IBM 305 RAMAC
technician/instructor, N.Y. 50s XX c. (Early programmers were required to test virtually each program step)

This paper is written to comment step by step the
widely accepted conventional experimental protocol
of RT-qPCR procedure and to present various cur-
rently available methodological solutions at each
step of procedure in accordance with mandatory
minimum information for publication of quantitative
real-time PCR experiments (MIQE) guidelines. The
following of these guidelines provide the standard-
ization of procedure, the ability to validate experi-
ments, to consider the conclusion as reliable and to
share and compare the results with other colleagues.

Since 1988 when the RT-qPCR was applied for
the first time for assaying the transcriptional pheno-
type of macrophages during normal healing [1] it has

become the most common method for characterizing
expression patterns of individual mRNAs in biologi-
cal samples. It has nearly supplanted other similar
approaches (e.g., Northern blotting, RNase protec-
tion assays) due to its large dynamic range of linear
quantification, high speed, sensitivity, resolution and
cost-effectiveness. The requirements for RT-qPCR
procedure and presentation are formulated in MIQE
that is a practical implementation of minimum stan-
dard guidelines for fluorescence-based quantitative
real-time PCR experiments [2, 3]. In fact these com-
monsense guidelines are in line with the last year
campaign organized by the US National Institutes of
Health, Nature and Science against a very low repro-
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ducibility for articles published in scientific journals,
often as low as 10 — 30 % [4, 5; www.nature.com/
news/1.16259]. The reliability of molecular technol-
ogy and gene expression profiling becomes critically
important when it is applicable to diagnostics and
predictions for the disease outcome, as well as the
choice of the therapy [6].

Here we are not presenting a comprehensive re-
view on RT-qPCR methodology and its widespread
application in different fields of contemporary biolo-
gy as many papers on the subject and detailed guides
from the leaders in molecular biological industry may
be found in the literature and internet [e.g. 2, 3, 7-15].
Instead we are going to follow the procedure step by
step in compliance with MIQE requirements, local fa-
cilities and resources along with the currently avail-
able at the market using our own experience in appli-
cation of RT-qPCR methodology. To make the expres-
sion results valuable and comparable between runs,
real-time RT-qPCR platforms, and between different
laboratories worldwide the researchers have to me-
ticulously standardize each step of procedure, starting
from the biological sample to the final data analysis.

1. Experimental design

The illustration of different stages of RT-qPCR pro-
cedure is based on the experiments conducted in the
laboratory of systems biology (Institute of molecular
biology and genetics, National Academy of sciences,
Kyiv, Ukraine) on the gene expression in rat liver,
primary hepatocytes, mouse brain and human pla-
centa at different (patho)physiological states at the
steady state and in the course of time [16-20]. Male
Wistar rats (200-250 g) at different time points after
partial hepatectomy and laparotomy, male BALB/c
mice (~ 20 g) and human placenta from midfirst- and
third trimesters of gestation were used in the studies.
The animals’ tissue samples were snap-frozen in lig-
uid nitrogen immediately after collection of organs
and tissue dissection; the samples of placental vil-
lous tissue were collected immediately after abortion
or delivery, rinsed with cold sterile 0.9% NaCl solu-
tion and frozen in liquid nitrogen. The samples were
stored at —80 °C before processing.

162

2. RNA isolation

A prerequisite for the performance of RT-PCR is an
efficient method for RNA extraction. Currently there
are numerous methods that can be used to isolate and
purify RNA for RT-qPCR [21]. Here we will focus
on the cheapest and more accessible method of RNA
extraction based on “TRIzol reagent”. The total
RNA was isolated from approximately 100 mg of
liver tissue, mouse brain, human term placenta and
villous tissue from the midfirst trimester of gesta-
tion. The samples were ground in liquid nitrogen
with mortar and pestle; one ml of homemade “TRIzol
reagent”was added and the samples were homoge-
nized using power homogenizer (IKA T10, Cole
Parmer LabGen, USA) (for a receipt of homemade
“TRIzol reagent” see the Supplement). The liver ly-
sate was additionally passed through 22 G needle
five times to shear chromatin. All sequential proce-
dures followed the protocols described in the manual
from Thermo Fisher Scientific (USA) for TRIzol®
Reagent [http://tools.lifetechnologies.com/content/
sfs/manuals/trizol reagent.pdf]. Briefly, the homog-
enized samples were processed through separation
of aqueous, intermediate and phenol-chloroform
phases, containing RNA, DNA and DNA and pro-
teins; correspondingly; RNA precipitation with iso-
propanol; two washes with 70 % ethanol and dis-
solving RNA in DEPC-treated water.

The yield of RNA, its purity and integrity are as-
sessed by the conventional methods, particularly in
our lab, by spectrophotometry on a NanoDrop
ND-2000 device (Life Technologies, USA) and de-
naturing formaldehyde 1 % agarose electrophoresis
with image analysis using Gel-Pro 3.1 software
(Media Cybernetics, Inc., USA). The A260/A280 ra-
tio around 2.0 and the A260/A230 ratio around 2.2
evidence the sufficient purity from proteins, phenol,
and aromatic compounds or carbohydrates, respec-
tively [22, 23]. The ratio of 28S/18S bands intensities
near 2.0 at electrophoregram the integrity of RNA. At
this step the RNA may be stored either at — 80 °C or
may be precipitated with 3 vol. of 96 % ethanol — 0.1
vol. 3 M NaAc and stored at — 20 °C before the fur-
ther procedure.
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We have to note here that the main disadvantage
of general UV spectrophotometry for RNA quantifi-
cation is low sensitivity (> 4 pg/ml) and the contri-
bution of signals from DNA, degraded RNA and
salts. The use of an ultrasensitive fluorescent
RiboGreen® (RNA detection range: 5 ng/ml — 50 ng/
ml) alleviates this problem [24]. The RiboGreen® re-
agent is nonfluorescent when free in solution; upon
binding to RNA, the fluorescence of the RiboGreen®
reagent increases more than 1000-fold. The RNA-
bound RiboGreen® reagent has an excitation maxi-
mum of approximately 500 nm and an emission
maximum of approximately 525 nm. The results
may be read either with Fluorescence Microplate
Reader or with Thermo Scientific NanoDropTM
3300 Fluorospectrometer. RiboGreen® is produced
by Invtirogen, sold as a RiboGreen®RNA Reagent
(#R11491) and within a kit (#R11490).

The routine assessment of RNA integrity with de-
naturing formaldehyde agarose electrophoresis is
low-sensitive, time-consuming, laborious and haz-
ardous technique. This method using EtBr as a fluo-
rescent intercalating agent requires approximately
200 ng of RNA to make an accurate assessment of its
integrity. The amount needed can be reduced by us-
ing alternative fluorescent dyes such as SYBR® and
SYBR® Green II RNA gel stain (Invitrogen
Corporation). However, when RNA quantity is very
limited (e.g. RNA from biopsies), agarose gel analy-
sis may not be possible. A major improvement in
RNA analysis occurred with the introduction of a
system combining microfluidics, capillary electro-
phoresis, and fluorescence to evaluate both RNA
concentration and integrity [25]. There are the
Experion automated elecltrophoresis system (Bio-
Rad Laboratories, Inc.) and the Agilent 2100
Bioanalyzer (Agilent Technologies, Inc.) at the mar-
ket. This technology requires very small inputs due
to Chip format, allowing user to assay RNA quality
in limiting samples. Bio-Rad introduced the RNA
quality index (RQI) in Experion software and the
Agilent Technologies provide the freely available
RNA integrity number (RIN) algorithm software
that assess the RNA integrity by the numbers from 1

(highly degraded) to 10 (intatct RNA) [26, 27]. Such
method favors the standardization of the whole pro-
cedure. The example of electrophoregrams obtained

with routine and advanced method is represented in
the Fig. S1.

3. Elimination of genomic DNA from RNA
samples

The isolated RNA usually contains different amount
of genomic DNA, sometimes up to 50 %, that could
result in false measurement of RNA concentration
by UV spectrophotometry and induce the variability
of results. The kits and reagents for elimination of
genomic DNA by RNAse free DNAse | treatment
are provided by different vendors that propose
DNAses active at somewhat different concentration
of Tris, MgCI2, CaCl2or MnCI2 (compare kits
from Life Technologies, USA, Cat# AMI1906,
Cat# ENO0525 and Cat.# ENO0521 and one from
Promega, USA, Cat.# M6101) and possessing dif-
ferent enzymatic activities. The vendors’ recommen-
dations are usually given in the units of enzyme per
reaction, from roughly one unit for 1 pg of RNA (en-
zyme #EN0525) to two units per 10 pg of RNA
(enzyme#AM1907).

Though the time and the temperature during enzy-
matic treatment are uniform throughout, the ways
for the effective DNAse I removal are various. This
step is especially critical when the RNA will be used
directly to synthesize cDNA according to the recom-
mendations of several producers [http://www.
biomart.cn/upload/asset/attachment/
fermentas%E4%B8%AD%ES%9B%BD/coa_
en0521.pdf]. DNAse I may be removed by routine
phenol/chloroform extraction; irreversible enzyme
inactivation for 10 min at 65 °C in the presence of
2.5 mM EDTA [28]; conventional precipitation with
isopropanol [29] or ethanol and column clean up
systems (e.g. GeneJET RNA Cleanup and
Concentration Micro Kit, #K0841 from Thermo
Fisher Scientific). There is also a novel DNAse
Removal Reagent at the market (Ambion’s DNA-
freeTM, #1906, It sequesters and precipitates
DNAse I and cations in minutes at room temperature
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and thus RNA cannot be degraded while inactivation
of DNAse I by heating in the presence of divalent
cations can partially degrade RNA.

The disadvantage of the whole step of DNA elim-
ination is a risk to overestimate the initial amount of
RNA for PCR and to inhibit reverse transcriptase if
the reaction mixes after DNAse | inactivation are
used directly to cDNA synthesis. In our lab we con-
trol the concentration and integrity of the RNA after
DNAse I treatment and selectively check the effi-
ciency of DNA elimination by the ratio of 18S rDNA
products after minus RT — qPCR and 18S rRNA
products after RT — qPCR. While before DNAse
treatment up to >50 % of isolated putative RNA is
represented by DNA then after DNAse I treatment
the traces of DNA usually comprise < 0.5 % (for de-
tails see Supplement).

4. The synthesis of Luc RNA as an external
standard

Now the preprocessing of RNA is over and the RNA
is ready for the main step of RT-qPCR analysis. To
maximally diminish the preprocessing related vari-
ability, which affects cDNA synthesis, the exoge-
nous RNA (spike RNA) as an external standard can
be used. Here we present our procedure of the exter-
nal standard synthesis [20]. The fragment of firefly
luciferase gene (Luc), irrelevant to the mammalian
genomes, was cut out from the pGL3-Basic plasmid
(Promega, Wisconsin, USA) by Xbal and HindIIl
restriction enzymes and cloned into the same restric-
tion sites of the pGEM-3Z vector(Promega,
Wisconsin, USA) according to the routine proce-
dures. The pPGEM®-3Z Vector is intended for use as
a standard cloning vector, as well as for the highly
efficient synthesis of RNA in vitro. The obtained
product was referred to as pGEM-3ZLuc and was
subjected to in vitro transcription. The final mix of
100 pl contained 1 pg of pGEM-3ZLuc DNA line-
arized by EcoRI, 2 mM NTP, 10 pl 10x IVT Buffer,
50 U of RiboLockTMRNAse inhibitor, 30 U SP6
polymerase (Thermo Fisher Scientific, USA). The
reaction lasted for 2 h at 37 °C and was followed by
subsequent phenol/chlorophorm extraction of RNA.
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The Luc RNA was dissolved in 40 pl of DEPC treat-
ed water, its concentration was detected with a
NanoDrop ND-2000 device and its integrity and
specificity was confirmed by non-denaturing elec-
trophoresis in 1% agarose gel. The main steps of ex-
ternal RNA synthesis are illustrated in Fig. 1. The
obtained probe was aliquoted and stored at — 80 °C.
The Luc RNA has very high PCR efficiency in the
absence of inhibitors (E > 95 %) and does not pro-
duce the primer-dimer products (no PD signal in
40 cycles). The amount of the Luc RNA template for
RT-gPCR was adapted for genes of interest in a way
that both Cq would be in the same range.

There are several ready spikes available at the mar-
ket, such as Universal RNA Spike from TATAA
Biocenter (http://www.tataa.com/products-page/qua-
lity-assessment/tataa-universal-rna-spike/) or SPUD
from Sigma-Aldrich, which are very effective tools
for the quality control throughout entire RT-qPCR ex-
perimental workflow [30]. Both have a synthetic se-
quence that is not present in any known living organ-
ism, and mimic eukaryotic mRNA. In the presence of
a “clean” sample, the quantification or threshold cy-
cles (Cq, aka Ct) of spike will remain the same as their
control whereas in the presence of a contaminated
sample, the Cq will shift to higher cycles.

There is another approach to check whether a sam-
ple contains inhibitors. For10X difference in concen-
tration of starting template, the difference between
Cgs should be approximately equal to PCR slope.
The greatly reduced difference in Cqgs after 10 to 1
dilutions compared to the expected difference indi-
cates the presence of inhibitors. For more detailed
information how to check the presence of inhibitors
and to eliminate them see [Pennington R. Dealing
with Amplification Inhibitors: Reagent Choice
Matters. 2014 (https://www.promega.com)].

5. Design of primers and target sequence

The quantification of target cDNA during real-time
PCR is accomplished by the DNA binding fluores-
cent dye SYBR Green | or TagMan hydrolysis
probes. We describe here the first approach as it is
easier to design, faster to set up, more cost-effective
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and applicable for estimation of different genes ex-
pression from the same cDNA sample if it is ob-
tained with the random primers but not with the tar-
get specific ones.

Both primers and target sequence may affect the
efficiency and specificity of amplification. A number
of free and commercial programs are available for
the primers design and control of their specifity:
PrimerQuest software (Integrated DNA Technologies,
http://eu.idtdna.com/scitools/applications/primer-
quest/ default.aspx), Primer3Plus (http://www.bioin-
formatics.nl/cgi-bin/primer3plus/  primer3plus.cgi)
or Primer-Blast (http://www.ncbi.nlm.nih.gov/tools/
primer-blast/), OligoAnalyzer 3.1, Primer-BLAST,
Vector NTIAdvanceTM10.0) [31]. In silico PCR on
UCSC Genome Browser is very useful to check for
non-specific binding. There is also an integrative
publicly available database for the storage, retrieval
and analysis of primer and probe information -
RTPrimerDB  (http://www.rtprimerdb.org) [15]. It
contains primers and probe sequences used in real-

time PCR assays employing popular chemistries
(SYBR Green I, Tagman, Hybridisation Probes,
Molecular Beacon). It was organized to avoid time-
consuming primer design and experimental optimi-
zation, and to introduce a certain level of uniformity
and standardisation among different laboratories.
The database is linked with the reference databases to
allow the submission of assays for all genes and or-
ganisms officially registered in Entrez Gene and
RefSeq. The submission of own tested primers to
RTprimerDB is strongly encouraged.

To avoid amplification of genomic DNA the in-
tron spanning primers are designed with at least one
incorporated exon-exon junction (Fig. 2). The prim-
ers have not to be placed on polymorphic sites and
splice forms of RNA. The secondary structure of the
RNA fragment that is reverse transcribed may have
also a substantial impact on the efficiency of
RT-gPCR. Therefore, RNA sequences and primers
should be checked with nucleic acid—folding soft-
ware, MFOLD program [32]. According to MIQE

Fig. 1. Synthesis of Luc RNA as an exter-

Tuc nal standard. A - Plasmid pGEM-2z LUC

containing the fragment of firefly lucifer-
ase gene Luc; Xbal and HindIII are the
cloning sites for Luc insert; EcoRI - a site
\ for linearization. B - Transcript of the Luc
fragment (1700b) loaded next to the total
RNA from rat liver. C - Scheme of the Luc
transcript and location of primers. D -
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LAC OPERON 'H
Luc
28S g o
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EN gpep
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SP6 T/C INIT
LAC OPERON
C D
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Luc s
e
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e
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PCR product Tuc 154bp .,
l Y j 200bp ’ ¢
Iuc transcript 1700 b 100bp Rad tadlm

Electrophoregramof Luc PCR prod-
uct: M - 100bp DNA Ladder (Thermo
Scientific.
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Genes

Exons for job w9g575HkaMBXBIPBMUgin_USMGAEEW
exor

Primer pairs for job w8g57sHkaMBXBIPBMUNgin_USMG4EEW

Fig. 2. Location of primers for PCR amplification of Ube 2L6 cDNA.
Note: the amplicon includes the junction between third and fourth exons

the folding structures should be ideally made avail-
able to reviewers as well.

We design the primers using Vector NTIAdvance
TM10.0 program, check their specificity with Primer-
BLASTprogram (http://www.ncbi.nlm.nih.gov/tools/
primer-blast/) and secondary structure with MFOLD.
The target sites for restriction endonucleases within
amplicon are found withVector NTI Advance® 11.5.4
software (ThermoFisher Scientific, USA).

All new primers have to be tested by qPCR using a
3-fold serial dilution of cDNA in order to determine
the amplification efficiency of the cDNA fragment, to
validate the specificity of amplicons and the presence/
absence of primer dimers after gPCR [32]. The ampli-
fication efficiency for each pair of primers is deter-
mined from the linear slope of standard curve; only
primers with a standard curve slope between —2.92
and —3.92 (efficiency 100 + 20 %) are used for further
quantification. Efficiency 100% is defined by a slope
of —3.32 and a 2-fold change for each change in Cq of
the 10 fold dilution (Fig. S2) [33]. If the slope is be-
low —3.92, then the PCR has poor efficiency. The ef-
ficiency of amplification may be optimized by chang-
ing the concentration of MgCI2 and dNTP, adjusting
the temperature and time of annealing. If these proce-
dures do not improve the efficiency of amplification
the primers have to be redesigned.

The amplicon specificity is validated by the length
of the amplicon and its restriction fragments (For ex-
ample see Table 1 and Fig. 3). Due to the critical
importance of the above mentioned characterristics
of primers, the information regarding their sequence,
location on cDNA, specific restriction endonucleas-
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es for an amplicon, the length of restriction frag-
ments and their experimental approval must be pro-
vided in the papers according to the MIQE guide-
lines. The sequence of amplicon is appreciated by
many reviewers [2].

6. Reverse transcription and Real time PCR

The reverse transcription and real time PCR are con-
ducted according to the conventional protocols for
specific enzymes. In our lab the first-strand cDNA
synthesis from total RNA is carried out with the spike
RNA Luc and RiboLock RNase Inhibitor. For every-
thing else the procedure follows the protocol of
ReverseTranscriptase producer (in our case RevertAid
ReverseTranscriptase, cat. #£P0441, Thermo Fisher
Scientific, USA). After termination of the reaction the
mixture is diluted with sterile DEPC-treated water to
the concentration of 25-50 ng/pl, aliquoted and stored
at— 80 °C.

v BE
200

150
100

50

Fig. 3. Specificity of amplicons proved by restriction analysis.
Lanes: 1 - Tbp, 2 - 18S, 3 - Ifna, 4 - Isg15, 5 - Ubell, 6 — Ube2l6,
7 — Trim25, 8 — Usp18, 9 - Irf7, M-50bp DNA Ladder (Thermo
Scientific, USA) Compare experimental results with theoretical-
ly predicted (Table 1).
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Table 1. Characteristics of primers and amplicons [Kuklin et al., 2015]

mRNA o Amplicon | _Restriction analysis of amplicon

(Refseq) rimers location, bp Enzyme Restricts, bp*
(TNbi/[_001004198.1) IFz?s TCCT[é}%g%(él}réTcGTéTTGc?r"cr;?riG 33 348-448 Hpy 1881 50; 51
NRo462371) | R COCTGOAGCAACTAAGAACS 7 s | Het | sera
s Ro - TTGAGCCTTGTGOATCTGOTG 7 25 | Hindl | 8L
?ﬂglﬁ_om 106700.1) IF<55 " ) gfg%gﬁ?gﬁ? ((:;TT(é(g"igléii 376-546 Pyull >8; 113
(NML001106856) | R3' - COTCCACCCTGOAGARGAAGTCGT 3 | M92-1730 | Earl | onstas
g\l;li/ffgowzuss.l) 11:155 foféfgfggffégggfgféé(G;féi. 3 >91-850 Bel Il 95; 165
(M 001008536.1) | R 3" GATCOTCCAGTGTTTGETCRGT -3 1725 | Ral | 1058
&ﬁfemomos&n f{ss _-?E%CG[\TJE%?XE?ACTgéigi?crfgffc_-i’ 496-627 Earl 48; 84
€g7M_001033691.1) 255 ggigﬁiigéﬁgﬁggggﬁééég’_ * 650-918 Haell >8; 113

Note: For Ifna indicated with an asterisk (*), the primers are common for Ifnal, NM_001014786.1; Ifna2, NM_001271218.1;Ifna4,
NM_001106667.1 and Ifnal6l, XM_575856.1. Double asterisks (**) denote the length ofr theoretically predicted length of restricts.

The amplification of individual mRNA is performed
in triplicate with real-time PCR at different types of
Real-Time PCR Detection Systems. We use Bio-Rad
CFX96 Real-Time PCR Detection System (Bio-Rad
Laboratories Ltd., USA). The mandatory requirement
includes the presence on each plate the samples of in-
terest and ‘No Template’ control in each RT- ¢ PCR
plate. Also, there has to be a set of corresponding di-
luted standards (amplicons in our case) for the stan-
dard curve if the absolute quantification is used.

The specificity of amplification is confirmed with
the same device by the melt-curve analysis (Fig. S3).
For the methodological details see Supplement.

7. Absolute vs relative quantification

There are two strategies to quantify the level of gene
expression — by absolute or relative RT-qPCR. The
first one relates on a calibration curve and the ob-
tained results are represented in amount of mRNA in
ng, nanomoles or copies per one unit of total RNA,

per cell or per g of tissue while the second reflects
the relative changes in the mRNA expression level
between the samples and the results are represented
by relative units.

The standard curve method determines the input
mRNA levels of a gene by relating the PCR signal to
a standard curve. It requires the production of a high
quality standard and a high quality RNA. A purified
specific RT-PCR product, recombinant DNA or re-
combinant RNA, may serve as standards. The pro-
duction of the specific RT-PCR product or amplicon
by ordinary RT-PCR reaction with subsequent puri-
fication is rather simple but the standard may be not
very stable therefore its integrity has to be checked
from time to time. The production of recDNA is
much more time consuming and cost effective, how-
ever, it is more stable than a short RT-PCR product.
The recRNA best of all mimics the RT-PCR proce-
dure of natural RNA but the standard is very unsta-
ble and its preparation is rather complicate and ex-
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pensive. The standard curve method has several ad-
vantages: representation of dilutions for the standard
curve at each PCR plate provides the routine valida-
tion for methodology; it substantially simplifies all
calculations and comparison of the expression levels
between different mRNAs in the same sample or be-
tween different samples [12]; it does not require a
laborious work for validation of reference genes; the
results have the absolute values and thus are easily
comparable between different laboratories world-
wide. The disadvantage of the method is a require-
ment for production of high quality standards and
more stringent requirements for maximal standard-
ization of the whole procedure (especially the high
standards for RNA quality taken for RT —qPCR). An
example of using the standard curve for assessment
of mRNA abundance is represented in the Fig. S2.

Relative quantification relates the PCR signal of
the target transcript in one sample to that of another
sample chosen as a control or calibrator. The choice
of calibrator depends on the gene expression experi-
ments. It may be an untreated sample in the experi-
ment with treatment; a control sample in the study of
some disease; a sample at time zero in the time
course study of gene expression; a sample for one
tissue that is compared with other tissue.

The relative quantification is mostly applied to
steady—state conditions and an endogenous presu-
mably invariant reference transcript is used to dimi-
nish the variability between the samples. Occurring
background interferences retrieved from the extracted
tissue components and the cDNA synthesis efficiency
relate to target and internal reference similarly so all
the variations preceding PCR are compensated by the
calculations after amplification. The relative quantifi-
cation method is dependent on the determination of
real time amplification efficiency of the target and re-
ference templates. To date, two types of relative quan-
tification models are available. In the first one the cor-
rection of amplification efficiencies is not required if
they are near 100 % and within 5% of both target and
reference template. But it is required in the second
model where the amplification efficiencies of target
and reference templates differ for more than 5 % of
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each other values [12, 13, 34]. The advantages of the
relative quantification method consist of no need to
produce the standard material, to optimize and to va-
lidate the standard curve. The disadvantages of the
method relate to the necessity to validate the internal
standards, low standardization of the method and the
difficulties to compare the results obtained by diffe-
rent research groups as the references are usually cho-
sen according to the own preferences of each re-
searcher. Frequently, to find the invariable referent
gene is problematic.

8. Data normalization

Several strategies have been proposed for normaliz-
ing RT-qPCR data. They range from the calculation of
individual mRNA content per unit of sample, per unit
of investigated RNA, either total or its fraction, to us-
ing an internal housekeeping gene as a reference.
These approaches are not mutually exclusive and can
be incorporated into a protocol at many stages. The
relative merits of different normalization strategies
are explicitly represented in multiple reviews [35-39].

The choice of the normalization strategy strictly
depends on the goal of experiment and the essence
of biological sample(s) under the study whether they
are in the steady or dynamical state. Calculations of
mRNA amount per total RNA and per internal refer-
ence gene(s) are applicable to steady state situation.
In dynamical systems the qualitative and quantita-
tive composition of total RNA changes in the course
of time. So it is difficult to find out the internal refer-
ence gene with constant concentration particularly
when the rRNA : mRNA ratio varies.

In our lab we explore the gene expression in two
dynamical systems — regenerating rat liver and hu-
man placenta in the midfirst and third trimesters of
gestation. We have shown that the concentration of
18S rRNA and TBP mRNA encoding TATA-binding
protein, both widely used as internal reference tem-
plates, gradually increase during the first 12 h after
partial hepatectomy and gradually decrease during
the same time after sham operation [20]. Another
group of researchers propose different pairs of refer-
ence templates for eight types of hepatic cells in re-
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generating liver [40] Given that isolated RNA re-
flects the composition of liver RNA in vivo we pres-
ent the target mRNA abundance in copies per mass
unit of total liver RNA [16, 20]. Somewhat similar
situation is observed with placental samples at dif-
ferent time points of gestation. The abundance of
18S rRNA and YWHAZ template, recommended as
placental internal standards [38], is invariable either
in the first or in the third trimester of gestation, how-
ever, the values are nearly two times less in the third
trimester in comparison to the first one making these
templates inconsistent for inter-trimesters compari-
son. So we also use the absolute values in copies of
mRNA per mass of total RNA [17, 18].

To mitigate the variability during preprocessing
of RNA we additionally normalize the data accord-
ing to Luc RNA recovery. We added an external Luc
RNA spike together with total RNA to the reaction
of reverse transcription. The 100 % value of Luc re-
covery corresponds to the copies of amplified Luc
RNA in the absence of cDNA of interest. The recov-
ery of less than 85 % of Luc RNA, when it was pro-
cessed together with the sample RNA points to the
presence of inhibitors in the RNA sample. Such sam-
ples are either additionally purified or RNA isolation
is repeated (Table S1). Ideally, it is possible to in-
clude the additional artificial RNA at the very begin-
ning of procedure to follow all the steps of manipu-
lation with the target mRNAs.

During the last decade the captious exploration of
the reference genes reliability has completely
changed the opinion about their applicability. The
most commonly used housekeeping genes in époque
of Northern blot and semiquantitative examination
of mRNA level like glyceraldehyde-3-phosphate de-
hydrogenase (GADPH), B-actin and 18S ribosomal
RNA became inadequate in most cases of RT-qPCR
due to their variability in different tissues, presence
of pseudogenes that may misleads the results, incon-
sistency of their expression under different treat-
ments or in comparison of control with disease etc.
[37-39, 42, 43]. Moreover it is considered that the
choice of housekeeping genes is highly specific for
particular experiment [37].

To facilitate and standardize the selection of ref-
erence genes, a lot of methods have been developed.
The geNorm VBA applet for Microsoft Excel calcu-
lates a gene expression normalization factor for
each tissue sample based on the geometric mean of
a user-defined number of reference genes [44].
There are already geNorm Kits at the market (https://
genorm.cmgg.be/). BestKeeper (www.gene-quanti-
fication.de/bestkeeper.html) also selects the least
variable genes using the geometric mean but uses
the raw data instead of the data converted to a copy
number as geNorm[13]. NormFinder (http://www.
multid.se/genex/hs410.htm) measures the variation
and ranks the potential reference genes according to
the grouping of samples, such as untreated/treat-
ment, etc. [45].

The standardized exchange of qPCR data is al-
ready a reality

The demand for a standardized qPCR data format
stimulated the emergence of two innovations. A set
of guidelines that describe the minimum information
necessary for evaluating qPCR experiments, MIQE,
was proposed by Professor S. Bustin with col-
leagues [2], and the XML-based Real-Time PCR
Data Markup Language (RDML) was developed by
the RDML consortium [15]. The MIQE provides this
approach with a checklist that contains 85 parame-
ters to assure quality results. The detailed practical
approach to RT-qPCR—publishing data that con-
form to the MIQE guidelines may be found in the
mini review by Dr. S.Taylor with colleagues [11]
and contain the mandatory and elective parameters.
The RDML was created to enable the straightfor-
ward exchange of raw fluorescence data free of
smoothing or baseline subtraction, as they allow
quality control, the evaluation and reevaluation of
the validity of conclusions if new approaches be-
come available. Recently the new RDML version
1.2 was published [46], which includes the open
source editor RDML-Ninja (http://sourceforge.net/
projects/qpcr-ninja/) and the database RDMLdb
(http://www.rdmldb.org).The editor allows research-
er to visualize, edit and validate the RDML files. The
database RDMLdb is an online repository for RDML
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files. Authors may upload their RDML files into this
database and provide the matching IDs in the article,
as it is customarily done for the microarray and RNA
sequencing. This new RDML infrastructure is the
foundation for the standardized qPCR data exchange
among scientists and research groups, and for the
meta-analysis of gene expression assessed by RT-
gPCR in foreseeable future.

The accurate following the protocol of the RT-qPCR
workflow with maximal standardization of each step
is critical for producing the reliable, comparable and
reproducible results. The extension of obtained results
via specified open access databases is highly appreci-
ated for dissemination of new knowledge and
strengthening the contacts within scientific commu-
nity for the further scientific achievements.

Supplementary material

Details of the analysis are provided in the Supplement
http://biopolymers.org.ua/content/32/3/161/
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Jlo nUTaHHSA NPO BU3HAYEHHS KOHIEHTpauii inauBigyannb-
Hux MPHK, HopMani3aniio excriepuMeHTAJbHUX JaHUX
i MiHiMaabHY iHdopmaniro, HeoOXigHy A1 IX myOsikanii

M. 1O. O6onenceka, A. B. Kykiin, P. P. Ponpirec,
O. I[1. Mapuentok, K. JI. Kopueesa, B. A. Jlonenxo,
0. O. [IparyuieHko

Peakirist 3B0OpOTHOT TPAHCKPHIILIIT 1 JIAHIFOTOBOI TIOJiMepH3arlii B
peanmsHOMy vaci (3T-xI1JIP) cranma HaliOLTBII Y>KHBAHIM METOIOM
IUTSL XapaKTepucTHKU mpodiniB excrpecii iHauBixyampanx MPHK
Yyepe3 MOJKIIMBOCTI OLIHKY KOHIIGHTpAIii B IIMPOKOMY [Iiara3oHi,
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BITHOCHOT IIBU/IKOCTI PEaKIIil, 4y VIMBOCTI, PO3ALIBHOCTI 1 BiJHOC-
HO HeBeliKoi BaprocTi. OJiHaK, 6ararocTyneHeBUid XapakTep peak-
11, pi3Hi peaKkTHBH, pi3Ha SKICTh O10TOTTYHUX 3Pa3KiB i BiACYTHICTh
CTaHIAPTHUX MPUIKCIB A7 NPOBEACHHS peaklilii IPUXOBYIOTh He-
Oe3reKy OTpUMarH BHKpHUBJIEHI pesynbratd. [t cranmaprusarii
KOXXHOTO 3 €TaIliB METOy 1 MiJBUIIEHHS HAJIHHOCTI pe3ysbTariB
npod. C. Bycrinum i3 ciBpoditHrKamu [2004] Oymna po3podneHa
METOJIIYHA IHCTPYKIIis, IO MICTHIIa MiHIMaJIbHY iH(OpMaLIifo, sKa
HeoOXiHa 1A MyOmiKaLii pe3ynbrariB, OTPUMaHUX 32 JOTIOMOTOI0
3T-xI1JIP. Kpim Toro, RDML komcopiiiymom Ha ocHoBi XML (po3-
IIMPIOBaHa MOBA PO3MIYaHHsI) CTBOPEHI crerianbia MoBa RDML i
6a3a manunx RDML st 360py i ananisy pesynsrariB 3T-kI1JIP
SKCIIepuMeHTiB. B wiif crarti Mu onmcyemo Bech nporec 3T-kI1JIP
0 eTamnax 3rifHo BuMor meroanyHoi iHcTpykuil MIQE 1 Hammm
BJIACHKM JIOCBIZIOM y 3aCTOCYBaHHI IIbOTO METOLY.

KawuoBi caosa: 3T-xIIJIP, Hopmai3zalist 1 craHaapTU3ais
naanx, MIQE

K Bonpocy 00 onpeaeieHMH KOHIEHTPALMHY HHIUBUAYAJIb-
HbIXx MPHK ¢ nomombsio OT-xIIIP, Hopmanu3auuu 3xcne-
PUMEHTAJIbHBIX JAHHBIX 1 MHHHMAIbHOI HH(popMaluy,
He00X0AUMOIi 11 MX MyOIUKALUU

M. 0. O6onenckas, A. B. Kyxmun, P. P. Ponpurec,
O. I1. Mapuentok, K. JI. Kopueesa, B. A. Jlouenko,
E. O. parymienko

Peakiust 00paTHO# TPAHCKPHUIIIIUU U KOJTHMYCCTBCHHOM [IECTTHOM
nonumepusanuu (OT-kII1P) crana Hanbonee UCTIONB3YEeMBIM
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METOJIOM JUTSI XapaKTePUCTUKHU NPOQHIIS SKCIIPECCHU HHANBU-
nyansHbeIX MPHK Omaromapsi mmpokoMy Tuama3oHy uU3Mmepsie-
MBIX KOHIEHTPAILUH, MaNOi 3aTPaTHOCTU MO BPEMEHH HCIION-
HEHMsI, YyBCTBUTEIBHOCTH, pa3peliarouiel CrnocoOHOCTH U
OTHOCHUTEJBHO HeOONbIIoi cronMoctd. OJHAKO, MHOTOCTY-
TIEHYaTBI XapakTep peakiiy, pasHoOOpas3ue HCIOIb3yeMBIX
PEaKTHUBOB, Pa3HOE KadecTBO OMONOTHUSCKUX 00pa3loB U OT-
CYTCTBHE CTaHJaPTHBIX MOJXOO0B IJISI KOTHIECTBEHHON OIICH-
KN Pe3yJabTaToB TaUT OMACHOCThH MONTYYUTh MCKa)KEHHBIE pe-
3yabpTaThl. J1si MaKCUMaJIbHOM CTaHAAPTH3ALMU Ka>KIOro W3
STAlOB PEaKIMM U MOBBIIECHUS HAJIEKHOCTH PE3yJIbTaToB
npod. C. BycrunsmM ¢ corpyraukamu [2004] 65ut1a pa3padora-
Ha METOJMUYEeCKas HHCTPYKIUS C yKa3aHHEM MHHHMAaIbHOH
napopmanuu (MIQE), HeoOxoammoit miast myOnuKanuu aaH-
HBIX, KOTOpbIe OblTH nosyyeHs! ¢ momousio OT-kIILIP. Kpome
toro, RDML koHCcOpunymom Ha ocHoBe XML (pacmmpsemblit
SI3BIK pa3MeTKH) pa3paboraH crnenuanbHbli 361k RDML n co-
3nana 6a3za nanaeix RDML st cOopa u aHanmsa pes3yabTaToB
OT-kIILP skciepumenToB. B 3T0it cTaThe MBI ONIACHIBAEM TI0-
stanHo Bech npouecc OT-kIILP B cooTBeTcTBUY ¢ TpeOoBaHU-
AMU MeToaudeckoi nHcTpykiuuu MIQE u Hammm onsiToM B
00J1acT! MPUMEHEHUsI TOT0 METOAA.

KawueBsie caosa: OT-xIILP, Hopmanuzanust U craHIapTH-
3anust AaHHbIx, MIQE
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