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ABSTRACT

MicroRNAs are a class of small non-coding RNAs
that serve as important regulators of gene ex-
pression at the posttranscriptional level. They are
stable in body fluids and pose great potential to
serve as biomarkers. Here, we present a highly spe-
cific, sensitive and cost-effective system to quantify
miRNA expression based on two-step RT-qPCR with
SYBR-green detection chemistry called Two-tailed
RT-qPCR. It takes advantage of novel, target-specific
primers for reverse transcription composed of two
hemiprobes complementary to two different parts of
the targeted miRNA, connected by a hairpin struc-
ture. The introduction of a second probe ensures
high sensitivity and enables discrimination of highly
homologous miRNAs irrespectively of the position
of the mismatched nucleotide. Two-tailed RT-qPCR
has a dynamic range of seven logs and a sensitiv-
ity sufficient to detect down to ten target miRNA
molecules. It is capable to capture the full isomiR
repertoire, leading to accurate representation of the
complete miRNA content in a sample. The reverse
transcription step can be multiplexed and the miRNA
profiles measured with Two-tailed RT-qPCR show ex-
cellent correlation with the industry standard TaqMan
miRNA assays (r2 = 0.985). Moreover, Two-tailed RT-
qPCR allows for rapid testing with a total analysis
time of less than 2.5 hours.

INTRODUCTION

MicroRNAs (miRNAs) are short non-coding RNA
molecules (∼19–24 nt long) that mediate regulation of
gene expression at the post-transcriptional level (1,2).
Production of miRNAs starts with the transcription of
genomic DNA into long primary transcripts called pri-
miRNAs. The pri-miRNAs are subsequently cleaved by
RNase III Drosha into shorter precursor transcripts with

hairpin structure called pre-miRNAs. The pre-miRNAs are
transported into the cytoplasm where they are processed
by RNase III Dicer into ∼22 nt double-stranded miRNA
molecules. Both strands of this duplex may become func-
tional mature miRNAs (3–5). MiRNAs may function as
master regulators of numerous physiological and patho-
logical processes and changes in their expression patterns
are often observed in various diseases (6–10). Because
of their remarkable stability in biofluids miRNAs have
exciting potential to serve as minimally invasive diagnostic
biomarkers (11–14).

MiRNA expression can be measured by many tech-
niques; the three most common being microarrays, next
generation sequencing (RNA-Seq), and reverse transcrip-
tion quantitative PCR (RT-qPCR). In addition, non-PCR
based isothermal amplification methods have also been pro-
posed (15–18). Each of these methods has its advantages
and limitations. Microarray analysis is generally more cost
efficient than RNA-Seq and offers the possibility to mon-
itor large number of targets, but, at least with conven-
tional microarrays, specificity and dynamic range are lim-
ited. RNA-Seq is suitable for high-throughput and is the
only platform capable of discovering new miRNAs. Dis-
advantages of RNA-Seq are the rather high cost per sam-
ple and the complexity of the workflow and data analysis.
Also, the precision of quantitation is poor for the low abun-
dant miRNAs. RT-qPCR is the method commonly used for
the validation of results from screening experiments and
when high accuracy and precision is required. It is also the
method of choice when only a small number of targets is
quantified, particularly when the amount of material is lim-
iting. Another appealing aspect is the simple workflow eas-
ily set up in laboratories that have experience in RT-qPCR
(19–22).

There are, however, significant technical challenges in
miRNA expression profiling using RT-qPCR. MiRNA
molecules are only 19–24 nt long, which is the length
of a conventional PCR primer. The sequence of the ma-
ture miRNA is contained in its precursor molecules (pri-
miRNAs and pre-miRNAs), however, only the mature miR-
NAs are believed to have effector functions and they usually
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are the targets for quantification. The GC content of miR-
NAs is highly variable, which complicates assay design and
protocol optimization, particularly when a common proto-
col is sought for multiple/all miRNA targets. The sequences
of miRNAs within the same family, such as let-7, may be
highly similar, differing only in a single base position. MiR-
NAs are subject to various post-transcriptional modifica-
tions and may differ in sequence and nucleotide composi-
tion at either or both ends. This obscures specific quantifi-
cation with many techniques (23–25).

Several methods to quantify miRNAs based on RT-
qPCR have been developed to date, many of which are com-
mercially available. Generally, the methods can be divided
into two groups that are based on universal and specific re-
verse transcription, respectively. In addition, probe-ligation
methods that do not require reverse transcription have also
been proposed (26,27). In the universal RT approach, all
miRNA molecules are elongated by an identical tail used
to prime the reverse transcription into cDNA. These meth-
ods include the addition of poly-A tails to the 3′-end with
the poly(A) polymerase (Exiqon´s miRCURY LNA sys-
tem, Qiagen´s miScript PCR system, Quantabio´s qScript
microRNA system) (28,29), polyuridylation with poly(U)
polymerase (30), ligation of a universal linker with T4 RNA
ligase (31), and more recently combination of linker liga-
tion and end tailing (Thermo Fisher´s TaqMan Advanced
miRNA assays). The main advantage of these approaches
is that all miRNAs are converted into cDNA in the same
tube. However, they may suffer from high background noise
and they are often limited by the efficiency of the extra en-
zymatic steps needed. Some also require special reagents.
Moreover, small RNAs possessing a 2′-O-methyl (2′-O-Me)
modification on their 3′ terminal nucleotide, such as plant
mature miRNAs and piRNAs, are resistant to polyadeny-
lation and cannot be efficiently reverse transcribed using
a polyadenylation-based cDNA synthesis approach (32).
The polyadenylation and ligation steps also introduce bias
(33–35). The second group of methods includes the use of
linear primers (36,37), pincer probes (38), and stem–loop
RT primers (39), also known as TaqMan miRNA assays
(Thermo Fisher). The stem–loop method is probably the
most common today and is frequently used for benchmark-
ing and validation of other methods (40).

The stem–loop primers of the TaqMan miRNA assays
are composed of a short single stranded sequence at their
3′-ends that anneals to the 3′-end of the targeted miRNA, a
double-stranded segment (the stem) and a loop. The stem–
loop structure shifts the equilibrium to the formation of
an RNA/DNA duplex and should prevent binding of the
primer to pri- and pre-miRNAs and to any dsDNA that
may be present. Nevertheless, it has been reported that pres-
ence of genomic and plasmid DNA containing sequences
of the corresponding pre-miRNA give rise to significant
background signal leading to false positive results (41). The
method uses hydrolytic probes that are costly to produce
and do not allow controlling the specificity of the reaction
by melting curve analysis. Notably, the TaqMan probe does
not contribute to the specificity of the reaction, as it binds
to a site originating from the sequence of the RT primer.
Another limitation of this design is the reduced ability to
reverse transcribe isomiR variants (24,41,42). Although the

stem–loop approach employs target-specific RT primers,
the reverse transcription step can be multiplexed using mul-
tiple RT primers in the same tube (43–45).

We have developed a novel specific and cost-effective ap-
proach to quantify miRNA expression that utilizes specific
structured primers for reverse transcription and SYBR-
green based qPCR named ‘Two-tailed RT-qPCR’. The
Two-tailed RT primers are composed of two hemiprobes
complementary to separate regions of the target miRNA
and of an oligonucleotide tether folded into a hairpin.
This novel design increases the binding strength of the RT
primer to its template leading to increased sensitivity. The
3′-hemiprobe can be short, providing high discriminatory
power to mismatches in the 3′-region and leaving enough
space for the design of miRNA specific qPCR primers with
sufficient melting temperature (Tm). The 5′-hemiprobe im-
proves the discrimination between highly similar sequences,
particularly when the differing nucleotide is located in the
center or close to the 5′-end of the miRNA sequence. Since
Two-tailed RT primers do not interact with the ends of the
miRNA they are able to detect all terminal variants of any
miRNA (isomiRs) and therefore accurately reflect the true
miRNA content in a sample.

MATERIALS AND METHODS

Primers, templates and synthetic oligonucleotides

Sequences of the miRNA oligonucleotides were obtained
from the miRBase Release 21 (www.mirbase.org) (46). Se-
quences of primers and targets are listed in supplementary
file. Secondary structure of the Two-tailed RT primers were
predicted using the UNAfold web server (http://unafold.
rna.albany.edu/) (47). RNA oligonucleotides were synthe-
sized and quantified by Integrated DNA Technologies.
DNA primers were synthesized and quantified by Invitro-
gen. Precursor miRNAs were synthesized by in vitro tran-
scription from corresponding PCR products using T7 RNA
polymerase (New England Biolabs) according to the manu-
facturer´s protocol (suppl. file). Reactions were treated with
the Turbo DNA-free kit (Thermo Fisher), RNA was pre-
cipitated in 3M LiCl and quantified with the Qubit 2.0 flu-
orometer (Thermo Fisher). Correct size of the precursor
miRNA products was verified using the Fragment Analyzer
(Advanced Analytical).

cDNA synthesis

RT reactions were performed with the qScript flex cDNA
kit (Quantabio) in a total reaction volume of 10 �l. The
reaction mixture contained either 10 ng of total RNA
or synthetic miRNA template, 1× RT buffer, 0.05 �M
RT primer, 1 �l GSP enhancer and 0.5 �l RT enzyme.
RT reactions were incubated in a 96-well plate in a Bio-
Rad CFX 1000 thermocycler for 45 min at 25◦C, 5 min
at 85◦C and then held at 4◦C. Reactions using TaqMan
miRNA assays (Thermo Fisher) and Quantabio qScript mi-
croRNA system (Quantabio) were performed according to
the manufacturer´s protocol except that the total reaction
volume was scaled down to 10 �l. Reactions using miQPCR
method were performed as described in (31) according to
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the protocol obtained from the corresponding author (per-
sonal communication): ligation of template miRNAs to the
miLINKER adaptor was performed in a total reaction vol-
ume of 8 �l containing 0.8× T4 buffer (New England Bio-
labs), 5 mM MgCl2, 17% PEG 8000, 0.15 �M miLINKER
adaptor, 0.1 �l RNaseOUT (40U/�l) (Thermo Fisher) and
0.18 �l T4 RNA Ligase 2, truncated K227Q (New England
Biolabs). The ligation reaction was incubated for 30 min
at 25◦C and then placed at 4◦C. The ligated miRNAs were
then incubated for 2 min at 85◦C with 0.5 �M dNTPs and
0.05 �M universal mQ-RT primer in a total reaction vol-
ume of 14 �l and then reverse transcribed in total reaction
volume of 20 �l containing 1× RT buffer, 5 mM DTT and
1 �l SuperScript III (Thermo Fisher) for 30 min at 46◦C, 5
min at 85◦C and finally held at 4◦C.

Quantitative PCR

qPCR was performed in a total reaction volume of 10 �l
containing 1× SYBR Grandmaster Mix (TATAA Biocen-
ter), 0.4 �M forward and reverse primer and the cDNA
product diluted at least 10×. Reactions were performed in
duplicates and incubated in a 96- or 384-well plate in a CFX
96 or CFX 384 Real Time Detection System (Bio-Rad) at
95◦C for 30 s, followed by 45 cycles of 95◦C for 5 s and
60◦C for 15 s. Reaction specificity was assessed by melt-
ing curve analysis immediately after the qPCR. qPCR with
TaqMan miRNA assays and Quantabio qScript microRNA
system were performed according to manufacturers´ pro-
tocols in a total reaction volume of 10 �l. cDNA was di-
luted at least 15× or 10× for the TaqMan and Quanta re-
actions respectively. qPCR with the miQPCR method was
performed in a total reaction volume of 10 ul containing
1x SYBR Grandmaster Mix, 0.15 �M forward and reverse
primer and the cDNA product diluted 100× according to
the recommended protocol (31). Reactions were incubated
at 95◦C for 30 s, followed by 45 cycles of 95◦C for 10 s and
60◦C for 35 s followed by melting curve analysis.

MiRNA profiling in mouse tissues

All procedures involving the use of laboratory animals were
performed in accordance with the European Community
Council Directive of 24 November 1986 (86/609/EEC) and
animal care guidelines approved by the Institute of Experi-
mental Medicine, Academy of Sciences of the Czech Repub-
lic (Animal Care Committee decision on 17 April 2009; ap-
proval number 85/2009). Mouse tissue samples from brain,
cerebellum, liver, lung, kidney, heart and skeletal muscle
were dissected, placed into TRI Reagent (Sigma-Aldrich)
and were immediately frozen on dry ice. Before use, samples
were thawed, homogenized using the TissueLyser (Qiagen)
and total RNA was extracted with TRI Reagent (Sigma-
Aldrich) according to the manufacturer´s protocol. RNA
quantity and purity was assessed using the NanoDrop 2000
spectrophotometer (Thermo Fisher) and RNA integrity
was assessed using the Fragment Analyzer (Advanced An-
alytical). Inhibition of the RT-qPCR workflow was tested
for using an RNA spike control (Tataa Biocenter). Data
were normalized to total amount of RNA. Same aliquots
were used for all measurements. Cq values were transformed

to quantities relative to the sample with the lowest expres-
sion for each target miRNA separately and expression val-
ues were converted to log scale. Pearson correlation co-
efficients were calculated based on logarithmic expression
values. GenEx 6 software (MultiD) was used for data pre-
processing.

RESULTS

General assay design

A novel two step RT-qPCR system for the quantification
of microRNAs is presented (Figure 1). Reverse transcrip-
tion is performed with target-specific structured primers
that are about 50 nucleotides long and contain two target
specific hemiprobes complementary to the miRNA. The 3′-
hemiprobe is about 6 nt long and binds to the 3′-region of
the target miRNA. The 5′-hemiprobe is usually longer and
binds within the 5′-region of the targeted microRNA. The
two hemiprobes are connected by an oligonucleotide tether
designed to fold into a hairpin to prevent nonspecific inter-
actions (Figure 1A). After hybridization, the RT reaction
is primed from the 3′-hemiprobe. The 5′-hemiprobe is dis-
placed by the RT enzyme and the Two-tailed RT primer is
elongated to produce cDNA with a sequence complemen-
tary to the targeted miRNA (Figure 1B and C). The cDNA
is then quantified by conventional qPCR utilizing SYBR-
Green chemistry with two target-specific PCR primers. The
reverse PCR primer is specific for the miRNA target se-
quence while the forward primer is specific for the pre-
designed region in the 5′-end of the Two-tailed RT primer
(Figure 1D).

The Two-tailed RT primer has 3 functions: i) it primes
specifically the reverse transcription of the target miRNA
template ii) it contributes with additional sequence to the
cDNA making it long enough for PCR amplification iii)
it contains the sequence of the forward PCR primer. We
reasoned that the introduction of a second binding ele-
ment, the 5′-hemiprobe that binds within the 5′-end of the
miRNA, will increase the sensitivity and specificity of the
RT reaction, as more nucleotides can be interrogated. Also,
the 3′-hemiprobe can be made shorter (5–6 nt), provid-
ing flexibility to design the reverse PCR primer with ad-
equate Tm without overlapping with the 3′-hemiprobe se-
quence, thereby avoiding the risk of undesired self-priming
and primer-dimer formation. The 5′-hemiprobe also con-
tributes to increased discriminatory power between highly
similar targets that differ only by 1 nt in the center or close
to the 5′-end of the miRNA sequence. The reason is that
the target miRNAs are subjected to sequence interrogation
twice: first in the RT and then in the qPCR.

To test the concept we designed three Two-tailed RT
primers with the same 3′-hemiprobe (5 nt), but different 5′-
hemiprobes: one with 10 complementary nucleotides to the
target, one with 10 non-complementary nucleotides, and
one without 5′-hemiprobe. We found that Two-tailed RT
primers that lacked complementary 5′-hemiprobe gave sig-
nificantly higher qPCR Cq values demonstrating the contri-
bution of the 5′-hemiprobe to the sensitivity of the system
(Figure 2A).

To test the contribution of the 5′-hemiprobe to the speci-
ficity, we compared two Two-tailed RT primers for their
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Figure 1. Schematic of Two-tailed RT-qPCR. (A) Two-tailed RT primer having two hemiprobes connected by a hairpin folding sequence. (B) The
hemiprobes bind cooperatively, one at each end of the target miRNA, forming a stable complex. (C) Reverse transcriptase binds the 3′-end of the hy-
bridized Two-tailed RT primer and elongates it to form tailed cDNA. (D) The cDNA is amplified by qPCR using two target-specific primers.
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ability to discriminate between two members of the Let-7
miRNA family: Let-7a and Let-7f. These differ only in one
nucleotide located in the center of the miRNA sequence. RT
1 primer was designed to bind with its 5′-hemiprobe to the
first ten nucleotides from the 5′-end of let-7a, while RT 2
primer had a 5′-hemiprobe that binds to 8 nucleotides in the
center of the let-7a sequence (Figure 2B). With this design,
the nucleotide distinguishing let-7a from let-7f is sensed by
the 5′-hemiprobe of the RT 2 primer, but not by the RT
1 primer. The 5′-hemiprobe of the RT 2 primer was also
shorter (8 instead of 10 nucleotides), as we reasoned the im-
pact of a mismatch will be more prominent with a shorter
probe sequence. The rest of the RT 1 and RT 2 primer se-
quences as well as the PCR primers used were identical.
The measured �Cq between the fully matched and the mis-
matched template was substantially larger when using the
RT 2 primer, which overlapped the differing base with its
5′-hemiprobe (�Cq = 11.07), than with the RT 1 primer,
which did not (�Cq = 4.66). This demonstrates the sig-
nificant contribution from the 5′-hemiprobe to the speci-
ficity of the system. Notably, the Cq values for the let-7a mi-
croRNA, to which both Two-Tailed RT primers were fully
complementary, were equal suggesting that the assay sensi-
tivity remained the same even though the length of the 5′-
hemiprobe differed by two bases.

Repeatability

To compare the performance of the Two-tailed RT-qPCR
to other RT-qPCR methods for miRNA analysis we per-
formed most of the experiments also with the TaqMan mi-
croRNA assays, the Quantabio qScript microRNA system,
and the miQPCR method published in (31) (in the following
text referred to as TaqMan, Quanta, and miQPCR). These
methods use different strategies to produce cDNA for sub-
sequent qPCR. TaqMan uses miRNA specific RT primers.
Quanta uses poly(A) polymerase to add poly(A) tails to the
3´ ends of miRNAs to allow for universal reverse transcrip-
tion with an oligo(dT) primer, and miQPCR ligates a de-
fined adaptor sequence to the 3´ end of miRNAs prior to
reverse transcription of ligated constructs with an universal
RT primer.

We assessed the repeatability of the new Two-tailed RT-
qPCR and the three known methods by measuring the im-
precision, expressed as standard deviation of Cq values ob-
tained from triplicate measurements having the same input
RNA (Table 1). Three miRNAs expressed at high (let-7a),
moderate (miR-21), and low levels (miR-193a) were mea-
sured in total RNA extracted from mouse cerebellum. First
step in the workflow of every method was taken as the point
for replication. Overall, all tested methods displayed very
high repeatability as demonstrated by low standard devia-
tions of the replicate measurements (Table 1).

Sensitivity and dynamic range

The sensitivity and dynamic range of the Two-tailed RT-
qPCR were evaluated using synthetic let-7d miRNA as tar-
get. A dilution series spanning 8 orders of magnitude was
prepared ranging from approx. 10 to 109 copies of let-7d
miRNA molecules per RT reaction. 10% of the cDNA prod-

uct was used for qPCR. The Two-tailed RT-qPCR assay ex-
hibited excellent linearity between the log of the miRNA
input and Cq values over 7 orders of magnitude and accu-
rately quantified down to 10 cDNA copies of let-7d cor-
responding to 100 miRNAs in the original sample (Fig-
ure 3A). Similar results were obtained when 100 ng of
yeast total RNA was added to each RT reaction to simu-
late the complex background in biological samples (Figure
3A). To determine the limit of detection (LoD) more pre-
cisely, a 2-fold serial dilution of let-7d approaching zero-
concentration was performed with each sample analyzed in
hexaplicate. LoD is estimated at the lowest concentration
that produces 95% positive replicates and can be roughly
estimated by fitting the fraction of positive replicates to the
logarithm of the concentration using GenEx software (Mul-
tiD) (48). LoD of the two-tailed RT PCR assay for let-7d
microRNA was estimated to 111 miRNA molecules, which
corresponds to 11 cDNA molecules in our workflow as only
10% of the cDNA was used as template for qPCR (suppl.
file). The LoD estimate relies on the miRNA stock con-
centration provided by the oligonucleotide manufacturer
(IDT), which was determined spectroscopically. This may
have overestimated the concentration of intact full length
miRNA to some degree as any contaminating byproducts
contribute to absorption. Hence, the LoD we estimate is an
upper limit.

To further compare the sensitivity and dynamic range of
the two-tailed RT-qPCR to the other methods we prepared
dilution series also of let-7a, let-7d and miR-21. Three of the
methods (two-tailed, TaqMan, Quanta) typically detected
hundreds of miRNA copies with linear response down to
at least 103 miRNAs in the original sample or 100 cDNA
per RT reaction (Figure 3B). miQPCR performed less good,
producing significantly higher Cq values and a narrower lin-
ear dynamic range reaching down to 104 miRNA copies
(Figure 3B).

Discrimination of highly similar sequences

The capability to discriminate between highly homologous
sequences with the Two-tailed RT-qPCR was tested on the
let-7 miRNA family. The members of this family are highly
similar as four pairs of the let-7 miRNAs differ only in a
single nucleotide in different positions, posing major chal-
lenge for specific quantification (Figure 4A). We started by
identifying the optimal length of the 5′-hemiprobe to maxi-
mize specificity, without compromising too much on sensi-
tivity, and then designed assays for the let-7 family members
accordingly (Supplementary Figure S1, suppl. file). We as-
sayed approximately 2 × 108 copies of each let-7 miRNA
target with each let-7 Two-tailed RT-qPCR assay. Cross-
reactivity was estimated for each of the assay-target pairs
based on the Cq difference between the reactions with the
perfectly matched target and with the mismatched target as-
suming 100% efficiency for the matched target. Only negli-
gible levels of unspecific signal were observed (<1%), and
only for targets that differed from the perfect match by a
single nucleotide: let-7a versus let-7c, let-7b versus let-7c,
let-7a versus let-7e, let-7a versus let-7f (Figure 4B). Over-
all, all Two-tailed RT-qPCR assays exhibited exceptional
specificity. None of the other tested methods reached simi-
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Table 1. Average Cq values and standard deviations of triplicate measurements of three miRNAs quantified by four different methods. Sample was total
RNA isolated from mouse cerebellum

Two-tailed RT-qPCR TaqMan Quanta miQPCR

Cq St.dev Cq St.dev Cq St.dev Cq St.dev

let-7a 19.59 0.21 26.69 0.28 19.87 0.14 24.65 0.16
miR-21 23.73 0.22 28.92 0.24 23.36 0.02 29.39 0.16
miR-193a 29.12 0.17 35.95 0.85 31.13 0.29 35.15 0.12

Figure 3. Dynamic range and sensitivity of Two-tailed RT-qPCR, TaqMan, Quanta and miQPCR. (A) Amplification plots and standard curves of let-7d
assayed in water and against a background of 100 ng yeast RNA. The dynamic range is seven logs. (B) Standard curves of let-7a, let-7d, and miR-21
assayed with Two-tailed RT-qPCR, TaqMan, Quanta, and miQPCR. Cq values outside the linear range are indicated with red border.

lar level of specificity with false positive signals more than
200 times stronger, reaching as high as 22.48% (TaqMan),
50.71% (Quanta) and 122.47% (miQPCR) (Figure 4A).

Discrimination between mature and precursor miRNAs

To test if the Two-tailed RT-qPCR assays can distinguish
mature miRNAs from their precursor molecules we indi-
vidually assayed the same amount of mature let-7a, let-
7b and let-7f miRNAs (∼2 × 108 copies) and their corre-
sponding precursor miRNAs. Cross-reactivity with precur-
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Figure 4. Specificity of Two-tailed RT-qPCR, TaqMan, Quanta, and miQPCR. (A) Measured false-positive levels of let-7 miRNA family members ex-
pressed relative to the level of the targeted member. (B) Sequences of eight members of the let-7 family. Nucleotide variations relative to let-7a are indicated.
(C) Cq values and relative detection levels of pre-miRNAs relative to the targeted mature microRNA measured with Two-tailed RT-qPCR.

sor molecules was estimated from the measured �Cq val-
ues. It ranged from 0.82% for let-7f to 6.98% for let-7a (Fig-
ure 4C), demonstrating that the Two-tailed RT-qPCR as-
says specifically quantify the amounts of mature miRNAs.

Performance of the system with biological samples and com-
parison with independent platform

We validated the Two-tailed RT-qPCR assays on biologi-
cal samples measuring the expression of 8 miRNAs across
7 mouse tissues and compared with measurements using
commercially available TaqMan miRNA assays (Figure
5A). Relative expression levels across the tissues were cal-
culated from the Cq values. The results were in agreement
with previous reports (36,49) with miR-122–5p being highly
expressed in liver, while miR-1a-3p having high expression

in heart and muscle. The other microRNA targets exhibited
lower variation in expression levels across the tissues. Let-
7a and miR-21a, which are thought to have housekeeping
functions, were indeed expressed at high levels in all the ex-
amined tissues. MiR-615–5p was not detected by any of the
methods, suggesting it is either not present at all or only at
exceedingly low levels.

The correlation between the measured �Cq ( = Cq
tissue, lowest expression – Cq tissue,x) with the Two-tailed RT-qPCR
assays and with the TaqMan miRNA assays was excel-
lent (Figure 5A). Pearson correlation coefficients (r) were
0.981 or larger for all the measured targets but miR-30c-
1–3p, where r was 0.874. This lower correlation could be
ascribed to the TaqMan miR-30c-1–3p assay, which gener-
ated very high and therefore uncertain Cq values (33.85 -
36.33). In the liver sample the TaqMan assay failed to de-
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Figure 5. Comparison of expression profiles measured with Two-tailed RT-qPCR and TaqMan miRNA assays. (A) Relative fold changes of the expres-
sion of each target in seven tissues measured with Two-tailed RT-qPCR and TaqMan miRNA assays, respectively. (B) Overall correlation of the relative
expression changes measured with the two methods.



PAGE 9 OF 13 Nucleic Acids Research, 2017, Vol. 45, No. 15 e144

tect miR-30c-1–3p, while the Two-tailed RT-qPCR assay
showed clear positive signal with Cq = 32.91. Consider-
ing all the measured data the correlation between the Two-
tailed RT-qPCR and the TaqMan miRNA assays was ex-
cellent (R2 = 0.985, Figure 5B).

Multiplexing of the reverse transcription

Multiplexing the reverse transcription could significantly
increase the analysis throughput, save on reagents costs, and
reduce the amount of material required. We tested multi-
plexing the RT step with the Two-tailed RT-qPCR assays by
measuring expression of eight miRNA targets across seven
mouse tissues. Eight Two-tailed RT primers were pooled
and 10 ng of total mouse RNA was reverse transcribed in
multiplex. 5% of the cDNA produced was used for each
qPCR with one set of PCR primer pair. The Cq values
and calculated relative expression levels from singleplex and
multiplex protocols were compared. Neither protocol de-
tected miR-615–5p, as in the previous experiment. For miR-
122, miR-24, and miR-30c-1 there was no significant dif-
ference in Cq values between the singleplex and multiplex
protocol. For the remaining four assays there was a shift
ranging from 0.68 cycles for let-7a to 2.30 cycles for miR-
21a (Figure 6A). The shift was assay specific, but constant
and reproducible across samples, and therefore did not in-
fluence the calculation of relative expression levels. This is
analogous to the mRNA dependent RT yields we have re-
ported before, which do not affect calculations of relative
expression levels as they too are constant and reproducible
across samples (50,51). The agreement between the relative
quantities measured by the multiplex and singleplex proto-
cols was excellent (R2 = 0.995, Figure 6B).

Detection of isomiRs

We assessed the ability of the Two-tailed RT-qPCR assays to
measure isomiR variants that differ from the canonical se-
quence in their length and nucleotide composition in the 3′-
terminus. We modified the design of the miR-21 Two-tailed
assay such that the 3′-hemiprobe binding site is shifted two
nucleotides upstream from the 3′-end of the miR-21 canon-
ical sequence. This allows the detection of isomiRs that are
two nucleotides shorter at the 3′-end, as well as all isomiRs
with extended 3′-ends. We tested the assay analyzing equal
amounts (∼2 × 108 copies) of five different synthetic vari-
ants of hsa-miR-21–5p that had 3′-terminus: (a) shortened
by 2 nt, (b) shortened by 1 nt, (c) fully matching canonical
sequence (d) extended by 1 nt (-C-3′) and (e) extended by 2
nt (-CA-3′) and also with the equimolar mixture of all five
(suppl. file). For comparison, we also analyzed the samples
with the miR-21 TaqMan, Quanta, and miQPCR assays.

We found that Two-tailed RT-qPCR along with the
Quanta´s miR-21 assay reflects the amounts of different
isomiRs with much better precision than the TaqMan and
miQPCR miR-21 assays (Figure 7). The Cq values of the
different miR-21 isomiRs measured with the Two-tailed
RT-qPCR and Quanta miScript assays were similar, as
expected, since the initial amount of template had been
the same. This demonstrates the ability of the two-tailed
RT-qPCR to detect all 3′-isomiR variants with equal effi-

ciency. On the contrary, the TaqMan and miQPCR meth-
ods greatly underestimated the amounts of isomiRs that dif-
fer from the canonical sequence (Figure 7).

DISCUSSION

We present a new method for the quantification of miR-
NAs and other small RNAs by RT-qPCR (Figure 1). The
new method is called Two-tailed RT-qPCR and is based
on sequence specific RT primers with a novel design that
allows the RT primer to hybridize to two regions of the
miRNA target with separate complementary parts called
hemiprobes. This design offers several advantages over ex-
isting strategies for RT-qPCR based detection of miRNAs,
including high sensitivity, improved discrimination between
similar miRNAs, and ability to quantify isomiRs.

It is well known that specific detection of a nucleic acid
sequence requires targeting it with two probe molecules, as
a single unmodified standard probe does under most condi-
tions not confer sufficient specificity. The short length of mi-
croRNAs limits the size of probes that can be used to inter-
rogate the sequence. For example, two regular PCR primers
cannot be used to amplify a regular cDNA copy of the mi-
croRNA, as they cannot be fitted without overlap. Reducing
the primers´ lengths in order to fit makes binding too weak.
Binding strength can be increased by incorporation of mod-
ified bases such as the Locked Nucleic Acids (LNAs) into
the primers (36). Modified primers may have higher melt-
ing temperature (Tm) and enhanced sequence discrimina-
tion (52). However, results are highly dependent on the de-
sign of the LNA oligomers, which often requires extensive
trial-and-error optimization (40). LNA-containing primers
are also more expensive than conventional primers and may
exhibit lower amplification efficiencies (28,53).

We wanted to find a way to interrogate the sequence of a
microRNA with two unmodified non-overlapping probes.
To solve the thermal stability problem, we reasoned this
should be possible by using two short hemiprobes that are
connected. This way each hemiprobe would bind with high
specificity, as a single mismatch would greatly distort the
rather short hybrid it forms, while overall high thermal
stability is achieved through cooperativity. Connecting the
hemiprobes leads to cooperative binding as they drag each
other to the binding site. As a consequence the overall bind-
ing strength is comparable to that of a long probe. Con-
necting the hemiprobes with an oligonucleotide stretch that
forms a hairpin protects it from undesired interactions. We
call this new primer ‘Two-tailed RT primer’. When used in
reverse transcription, the Two-tailed RT primer is extended
forming a tailed cDNA. The cDNA can then be amplified
by PCR.

Another aspect of the Two-tailed RT primer is that the
3′-hemiprobe can be made rather short (5–6 nt). This leaves
enough space to design an unmodified miRNA-specific
qPCR primer without overlapping with the 3′-hemiprobe.
Also, a short 3′-hemiprobe is more sensitive to mismatches
in the target sequence, while sufficient binding strength
is obtained through cooperative binding with the longer
5′-hemiprobe. Indeed, when we compared Two-tailed RT
primers with the same length of the 3′-hemiprobe (5nt), but
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Figure 6. Comparison of singleplex and multiplex Two-tailed RT-qPCR. (A) �Cq = Cqmultiplex - Cqsingleplex. (B) Overall correlation of the relative expres-
sion changes between tissues measured with the singleplex and multiplex protocol.

Figure 7. Relative sensitivities of Two-tailed RT-qPCR, TaqMan, Quanta,
and miQPCR to miR-21 isomiRs. Cq values are normalized such that the
Cq of the canonical form is set to 20. Error bars indicate SD of two inde-
pendent cDNA syntheses.

different length of the 5′-hemiprobe we found significant
differences (Figure 2A).

By strategic design of the 5′-hemiprobe the specificity
of the Two-tailed RT-qPCR can be optimized for different
cases. For example, closely related miRNAs often differ in
base positions in their 5′-regions. Those variants are poorly
distinguished with current methods for miRNA analysis,
which use only on one of the qPCR primers for discrimi-
nation. This holds also for the specific-primer based Taq-
Man miRNA assays, as this part of the microRNA is not
sensed by its stem–loop primer. With the Two-tailed RT-
qPCR assays, the nucleotides in the 5′-regions, such as those
distinguishing let-7a, let-7e, let-7f, and let-7g, are interro-
gated twice: first time in the reverse transcription by the
5′-hemiprobe of the RT primer and second time in the
qPCR by the reverse PCR primer (Figure 1). Specificity
can be maximized using a short 5′-hemiprobe designed to
sense all the sequence variants in the variable region of
the miRNA (Supplementary Figure S1). Using this strat-
egy, we designed Two-tailed RT-qPCR assays that exhibit
negligible cross-reactivity between the members of the let-7
miRNA family (Figure 4B). When these members were as-

sayed with the three other methods, substantial undesired
cross-reactivity was observed (Figure 4A).

Since the sequence of the mature transcript is contained
in its precursors (3), RT-qPCR assays designed to de-
tect mature miRNAs may also amplify their precursor
molecules. Although precursors are usually present in cells
at much lower levels than the mature miRNAs (54–57), it
may still be relevant to measure them separately. We decided
to test if the two-tailed RT-qPCR can distinguish between
mature miRNAs and the corresponding pre-miRNAs. Our
results show that the Two-tailed RT-qPCR assays designed
for mature miRNAs show minimal cross-reaction with pre-
miRNAs (Figure 4C). One contributing factor is that re-
verse transcription is performed at rather low temperature
(25◦C) without any pre-heating step that would open the
secondary structure of pre-miRNAs making them available
for priming with the Two-tailed RT primer. We observed
that even without the pre-heating step, sensitivity of the sys-
tem is not influenced by potential microRNA-long RNA in-
teractions (Supplementary Figure S2). The specificity of the
two-tailed RT-qPCR assays for mature miRNAs is further
confirmed by the excellent correlation with the expression
profiles measured using TaqMan miRNA assays (Figure 5),
which do not cross-react with precursor miRNAs because
of its particular RT-priming mechanism (39,44).

Target-specific priming of the reverse transcription has
several advantages including higher specificity and lower
background, but a common disadvantage is that each tar-
get requires a separate RT reaction. This can be resolved
by multiplexing the RT step using an RT primer pool. Mul-
tiplexing RT increases throughput, saves on reagent costs,
minimizes labor, and reduces the sample amount needed.
Usually, it is problematic to have many long oligomers,
such as multiple RT primers, in the same reaction as it
leads to unspecific amplification (58). The Two-tailed RT
primers are, however, designed with a hairpin structure that
prevents non-specific interactions. As demonstrated, multi-
plexing eight targets showed perfect agreement with the cor-
responding singleplex reactions (Figure 6). Importantly, the
specificity of the multiplex measurement was not compro-
mised, based on negative controls and melting curve anal-
yses (suppl. file). This is likely due to the use of two spe-
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Table 2. Comparison of parameters of four tested RT-qPCR methods for miRNA quantification. Cost estimate per assay with 20 RT and 60 qPCR
reactions is indicated (details available in suppl. file)

cDNA
synthesis
strategy

Sensitivity
(miRNA copies in
analyzed volume)

Linear
dynamic

range

Unspecific
cross-

reaction

Accurate
detection of

isomiRs

Melting curve for
specificity

control

Detection of
piRNAs and

plant miRNAs Cost

Two-tailed
RT-qPCR

specific
RT primer

102 - 103 6–7 logs < 1% yes yes yes $

TaqMan specific
RT primer

102 - 103 6–7 logs < 23% no no yes $$$$

Quanta poly(A)
tailing

102 - 103 6–7 logs < 51% yes yes no $$

miQPCR linker
ligation

104 5 logs > 100% no yes yes, but efficiency
is reduced

$$$

cific PCR primers for each target in the downstream qPCR,
while other methods for miRNA analysis commonly use
only one miRNA specific primer combined with a univer-
sal primer. The Two-tailed RT-qPCR assays are designed
with target specific PCR primers as follows: one miRNA
specific reverse primer and one forward primer that is spe-
cific to an internal segment of the corresponding Two-tailed
RT primer. This way both PCR primers are specific to one
cDNA only. Although using a second specific PCR primer
provides no advantage with the singleplex protocol, it adds
specificity to the multiplex protocol, where many different
cDNAs are present as qPCR templates. In our experiment,
we performed reverse transcription in octaplex and then di-
vided the cDNA into aliquots that were analyzed with tar-
get specific PCR primer pairs in singleplex qPCR using dye
based detection. This workflow is, however, not limited to
any particular number of targets and should be applicable
to virtually any degree of multiplexing. When only a small
number of microRNAs are targeted 1-step RT-qPCR can
be employed, distinguishing the PCR products with fluo-
rescent probes.

Another advantage of the Two-tailed RT-qPCR is its ca-
pability to reverse transcribe isomiRs with the same ef-
ficiency as the canonical sequence (Figure 7). IsomiRs
are miRNA variants that differ in length and sequence
composition in their 3′- and/or 5′-termini from the anno-
tated canonical sequence (23,24). Growing evidence sug-
gests isomiRs are expressed in a cell, tissue, and gender spe-
cific manner, possess relevant physiological functions, and
are potential biomarkers in clinical diagnostics (59–63). In
some cases, isomiRs, derived from the same precursor arm,
bind to other targets than the canonical miRNA. Another
function is that isomiRs cooperate with the canonical form
to drive similar biology by targeting the same set of core
biological networks while distributing the off-target effects
and thus increasing the signal to noise ratio of gene silenc-
ing (62,64). Measuring full isomiR profiles may therefore be
more valuable than targeting the canonical sequence only.
This was recently demonstrated when clearly improved dis-
crimination of cancerous and healthy tissues was obtained
by inclusion of full isomiR profiles (59,65).

The heterogeneity of the miRNA sequences pose a sub-
stantial issue for many RT-qPCR methods. Those employ-
ing universal reverse transcription should generally be able
to amplify all terminal sequence variants, but biochemi-
cal modifications of terminal nucleotides may interfere with

the enzymatic steps upstream of the RT-qPCR. Further-
more, the design of the stem–loop primers used in the Taq-
Man miRNA assays renders the method less sensitive to
isomiRs. Due to the stem-part , which blocks annealing
to longer sequences, only the particular sequence with the
defined ends is amplified with optimal efficiency, and the
method may completely miss on some variants (40–42). Par-
ticularly isomiRs that differ at the 3′-end pose a problem.
Notably, largest variability across isomiRs is found in their
3′-ends, and in some cases the canonical sequence repre-
sents only a small fraction of the total amount of a miRNA
(24,59,62,64,66,67).

To test the ability of the Two-tailed RT-qPCR to de-
tect different 3′-isomiRs we measured five synthetic termi-
nal variants of miR-21. We observed that the Two-tailed
RT-qPCR accurately quantifies shorter as well as longer
variants of the canonical sequence, reaching the level of a
poly(A)-tail based method while providing all advantages
of RT-specific priming. The full isomiR repertoire of the
miRNA is thus measured and no potentially important
isomiRs are missed (Figure 7). This is in difference from the
TaqMan and miQPCR approaches, which exhibited high
variation across the miR-21 isomiRs, greatly underestimat-
ing the amounts of those that differ from the canonical se-
quence (Figure 7).

In some applications only a certain isomiR is of inter-
est. Although it should be possible to target it specifically
with custom-designed TaqMan miRNA assays, our results
(Figure 7) as well as reports in the literature suggest this is
not always the case and various degree of cross-reactivity to
other isomiRs is observed (41,42,68,69). Therefore, it seems
the TaqMan miRNA assays are neither specific to a single
3′-end isomiR nor do they detect all the isomiRs with equal
sensitivity, which may lead to an underestimation of the to-
tal amount of a given miRNA in a sample (25,42). To our
knowledge, the only qPCR based method that can be used
to distinctively quantify specific isomiRs with 1 nt resolu-
tion is the ‘Dumbbell-PCR’ (69). This method exploits the
properties of T4 RNA ligase 2 to ligate stem–loop adapters
to the ends of the targeted isomiR. The formed dumbbell-
like structure is then quantified with TaqMan qPCR. Such
extreme specificity is currently not achieved with the two-
tailed RT-qPCR, but the Two-tailed RT primer can be
designed to reverse transcribe all isomiRs of a particu-
lar miRNA to obtain a correct quantification of the total
amount.
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RT-qPCR technology remains unequalled tool in small-
RNA expression profiling, vital for validation of genome-
wide experiments and accurate measurement of challenging
samples such as liquid biopsies. However, measurements of
higher number of targets significantly increases the cost of
such analyses. We have developed a highly sensitive and ex-
ceedingly specific method called Two-tailed RT-qPCR, suit-
able for rapid and cost-effective microRNA profiling. At the
same time, Two-tailed RT-qPCR reflects on the current state
of microRNA field and confers several advantages over cur-
rent RT-qPCR methods, including increased specificity and
ability to capture the full isomiR profile (Table 2). Two-
tailed RT-qPCR uses only standard oligomers, can employ
either dye or probe based detection and can be used for ani-
mal and plant small RNAs alike. The whole analysis can be
performed in just 2.5 h.
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