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Dumbbell-PCR: a method to quantify specific small
RNA variants with a single nucleotide resolution at
terminal sequences
Shozo Honda and Yohei Kirino*
Computational Medicine Center, Sidney Kimmel Medical College, Thomas Jefferson University, 1020 Locust Street,
Philadelphia, PA 19107, USA

ABSTRACT
Recent advances in next-generation sequencing
technologies have revealed that cellular functional
RNAs are not always expressed as single entities
with fixed terminal sequences but as multiple isoforms bearing complex heterogeneity in both length
and terminal sequences, such as isomiRs, the isoforms of microRNAs. Unraveling the biogenesis and
biological significance of heterogenetic RNA expression requires distinctive analysis of each RNA variant. Here, we report the development of dumbbell
PCR (Db-PCR), an efficient and convenient method to
distinctively quantify a specific individual small RNA
variant. In Db-PCR, 5 - and 3 -stem–loop adapters are
specifically hybridized and ligated to the 5 - and 3 ends of target RNAs, respectively, by T4 RNA ligase 2 (Rnl2). The resultant ligation products with
‘dumbbell-like’ structures are subsequently quantified by TaqMan RT-PCR. We confirmed that high
specificity of Rnl2 ligation and TaqMan RT-PCR toward target RNAs assured both 5 - and 3 -terminal
sequences of target RNAs with single nucleotide resolution so that Db-PCR specifically detected target
RNAs but not their corresponding terminal variants.
Db-PCR had broad applicability for the quantification of various small RNAs in different cell types,
and the results were consistent with those from other
quantification method. Therefore, Db-PCR provides a
much-needed simple method for analyzing RNA terminal heterogeneity.
INTRODUCTION
Non-protein-coding regions of the genome are widely transcribed to produce non-coding RNAs (ncRNAs), which
play crucial roles in normal biological processes and disease states (1). Within the diverse group of ncRNAs, the
* To

functional significance is particularly evident for small regulatory RNAs which direct highly specific regulation of
gene expression by recognizing complementary RNA targets. Thus far, three major classes of small regulatory
RNAs have been particularly studied in depth: microRNAs
(miRNAs), short-interfering RNAs (siRNAs) and PIWIinteracting RNAs (piRNAs) (2–6). The defining features
of these RNA classes are the short lengths of 20–31 nucleotides (nt), and interactions with Argonaute family proteins, which can be divided into AGO and PIWI subclades,
to form effector ribonucleoprotein complexes. miRNAs, the
best-studied class of small regulatory RNAs, are produced
from stem-loop hairpin-structured precursor RNAs, which
are processed by the ribonucleases Drosha and Dicer. The
mature ∼22-nt mature miRNAs interact with AGO proteins and recognize complementary sequences in the target mRNAs, which are often located in the 3 -UTR. This
recognition results in the deposition of the AGO/miRNA
effector complex on the target mRNA, principally resulting in repression of target gene expression (7,8). For target
recognition by miRNAs, full complementarity between the
miRNA and its target is not required, although base pairing
of nucleotides at 2–8 positions of the miRNA, the so-called
seed region, is generally essential (2). The human genome
encodes over 2000 miRNAs (9), which are estimated to
regulate the expression of most protein-coding genes (10),
thereby exhibiting a tremendous impact on normal developmental and physiological processes and disease states.
Recent advances in next-generation sequencing (NGS)
technologies have revealed the complex heterogeneity of
the length and terminal sequences among the majority of
mature miRNAs; identical miRNA genes encode mature
isomers termed isomiRs that vary in size by one or more
nucleotides at the 5 - and/or 3 -end of the miRNA (5 isomiRs and/or 3 -isomiRs, respectively) (11–13). These
isomiRs can be generated by several mechanisms during
miRNA biogenesis, including variable processing by Dicer
or Drosha cleavage and post-transcriptional modifications,
such as nontemplated nucleotide addition, exonucleasederived trimming and RNA editing (14–19). It has been in-
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differential expression analysis of small RNA variants, such
as isomiRs.
MATERIALS AND METHODS
Cell culture, RNAi kockdown and total RNA isolation
HeLa, HEK293 and BT-474 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Life Technologies) containing 10% fetal bovine serum (FBS). SK-BR3, DU145, PC-3 and LNCaP-FGC cell lines were cultured
in RMPI1640 medium (Life Technologies) containing 10%
FBS. The HepG2 cell line was cultured in minimum essential medium (MEM; Life Technologies) containing 10%
FBS. The MDA-MB-231 cell line was cultured in L-15
medium (Life Technologies) containing 10% FBS, and the
MCF-7 cell line was cultured in MEM medium containing 10% FBS, 1 mM sodium pyruvate, 1× non-essential
amino acids solution (Life Technologies) and 10 g/ml insulin (Sigma). Culture of the Bombyx mori BmN4 cell line
and RNAi knockdown of BmPAPI were performed as previously described (45). Briefly, BmN4 cells were cultured
at 27◦ C in Insect-Xpress medium (LONZA). For RNAi
knockdown of BmPAPI, in vitro synthesized BmPAPItargeting dsRNA or control Renilla luciferase-targeting
dsRNA (5 g) was transfected into 5 × 106 BmN4 cells using the 4D-Nucleofector System (LONZA), and cells were
harvested 4 days after transfection. Total RNA from all cell
lines was extracted using TRIsure reagent (Bioline) according to the manufacturer’s protocol.
Synthetic miRNA and its variants
To examine detection specificities of Db-PCR, the
synthetic human miR-16 (5 -P-UAGCAGCACGU
AAAUAUUGGCG-3 ), its 5 -variants (5 +1: 5 P-UUAGCAGCACGUAAAUAUUGGCG-3 ; 5 -1: 5 P-AGCAGCACGUAAAUAUUGGCG-3 ), its 3 -variants
(3 +1:
5 -P-UAGCAGCACGUAAAUAUUGGCGG3 ;
3 -1:
5 -P-UAGCAGCACGUAAAUAUUGGC
3 ) and its 5 - and 3 -variants (5 +1/3 -1: 5 -PUUAGCAGCACGUAAAUAUUGGC-3 ;
5 -1/3 +1:
5 -P-AGCAGCACGUAAAUAUUGGCGG-3 )
were
synthesized by Integrated DNA Technologies. Integrated
DNA Technologies also synthesized all the adapters and
primers used in this study described below. Northern blot
analyses against these synthetic RNAs were performed as
described previously (45) by using a 5 -end labeled antisense
probe (5 -GCCAATATTTACGTGCTGCTA-3 ).
3 -Db-PCR to quantify a specific 3 -variant of small RNAs
The sequences of adapters and primers used for 3 -Db-PCR
are shown in Supplementary Table S1. To detect miR-16 by
3 -Db-PCR, a DNA 3 -dummbbell adapter (3 -Db-adapter)
was designed by using mfold program (46) to form a stemloop structure with six nucleotides protruding from the 3 end that hybridizes with the 3 -terminal sequences of miR16. The loop sequences of the 3 -Db-adapter were identical
with those of a stem-loop primer for miRNA quantification
(37). Synthetic miR-16, its variants (20 fmol each), or 1 g
of cellular total RNA was incubated with 20 pmol of the
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creasingly apparent that the isomiR expression is functionally significant. isomiRs have been shown to associate with
AGO proteins (20–23), and terminal variations of isomiRs
influence the AGO protein species on which each isomiR is
loaded (24–27). Moreover, 5 -isomiRs have been reported
to differentially recognize specific target mRNAs compared
with canonical miRNAs due to shifts of the critical seed region (21). Variation of 5 -terminal sequences may also affect
the selection of miRNA/miRNA* strands for AGO loading due to changes in the relative thermodynamic stability
of the duplex ends (28). Moreover, variations to the 3 -ends
of miRNAs to produce 3 -isomiRs are also crucial for gene
expression regulation because post-transcriptional nontemplate 3 -end addition of uridines and adenosines markedly
alters miRNA stability (29–31). Supporting the importance
of terminal heterogeneity of miRNAs, isomiRs are differentially expressed across different cell and tissue types in
different developmental stages (32–36). Notably, expression
of human isomiRs in lymphoblastoid cells are subjected to
population- and gender-based pressures (23).
To unravel the emerging complexities of small RNA heterogeneity and molecular mechanisms underlying them, accurate quantification of individual small RNA variants and
easy analysis of their expression profiles are imperative. Microarray analysis of miRNAs is insufficient to completely
distinguish miRNAs from their corresponding isomiRs. Although NGS can adequately capture the entire repertoire
of miRNAs and their corresponding isomiRs, the required
cost, time and subsequent bioinformatics analyses could
preclude the use of NGS for only examining specific focused isomiRs. In northern blot analysis, distinguishing different isomiRs with the same or similar lengths is difficult.
The TaqMan RT-PCR assay using stem-loop primers (37),
which is widely used to quantify miRNAs, is not able to discriminate differences in miRNA terminal sequences of only
1 nt (38). Thus, a novel method for quick and efficient quantification for small RNA variants is required.
In this study, we report the development of dumbbellPCR (Db-PCR), as an efficient and convenient TaqMan
RT-PCR-based method with single-nucleotide resolution at
both the 5 - and 3 -terminal sequences to specifically quantify individual small RNA variants. The Db-PCR procedure includes a nick-ligation step catalyzed by T4 RNA ligase 2 (Rnl2) which was originally identified in the bacteriophage T4 (39). Rnl2 catalyzes RNA ligation at a 3 -OH/5 P nick in a double-stranded RNA (dsRNA) or an RNA–
DNA hybrid (40–42), which makes Rnl2 an attractive tool
in cDNA preparation (43) and single nucleotide polymorphism detection (44). In this study, stem–loop adapters,
termed dumbbell adapters (Db-adapters), were specifically
hybridized and ligated by Rnl2 to the 5 - and 3 -ends of a
targeted small RNA to generate a ‘dumbbell-like’ structure.
Subsequent TaqMan RT-PCR was able to quantify specific
target RNA without cross-reactivity to its terminal variant
even with a single-nucleotide difference at the terminal sequences. We also developed 5 -dumbbell-PCR (5 -Db-PCR)
and 3 -dumbbell-PCR (3 -Db-PCR) to specifically quantify
unique variations to the 5 - and 3 -ends of individual small
RNAs, respectively. These methods provide a novel, efficient, and convenient technique for specific detection and
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5 -Db-PCR to quantify a specific 5 -variant of small RNAs
The sequences of adapters and primers used for 5 -DbPCR are shown in Supplementary Table S2. To detect miR16 by 5 -Db-PCR, a DNA/RNA hybrid 5 -Dummbbell
adapter was designed to form a stem-loop structure with
six nucleotides protruding from the 5 -end to hybridize the
5 -terminal sequences of miR-16. The ligation of the 5 Db-adapter to miR-16 or its variants and Real-time RTPCR were performed in the same procedure of 3 -Db-PCR
for miR-16 as described above. For detection of miR-26a
and its 5 -variant, miR-26a-[5 +A], real-time PCR was performed with 400 nM of TaqMan probe by incubating the
reaction mixture at 95◦ C for 20 s, followed by 40 cycles of
95◦ C for 1 s and 55◦ C for 20 s.
Db-PCR to quantify small RNA variants with distinct 5 - and
3 -terminal sequences
The sequences of adapters and primers used for Db-PCR
are shown in Supplementary Table S3. To detect small
RNAs by Db-PCR, a DNA/RNA hybrid 5 -dummbell
adapter containing a spacer (5 -Dbs-adapter) was designed
to form a stem-loop structure containing a base-lacking
1 ,2 -dideoxyribose spacer in the loop region and a protruding 5 -end complementary to the 5 -terminal sequences
of target RNAs. The 5 -Dbs-adapter (20 pmol) was hybridized to 20 fmol of synthetic small RNA, its variants,
or 1 g of cellular total RNA in a 10-l mixture using the
same procedure with 5 -Db-PCR as described above. After

adding 10 l of the 1× reaction buffer containing 1 U of
Rnl2 (New England Biolabs), the entire mixture (20 l) was
incubated at 37◦ C for 30 min. Subsequently, 20 pmol 3 Db-adapter (1 l) was added to the reaction mixture, followed by a 30-min incubation at 16◦ C and then overnight
incubation at 4◦ C. Real-time RT-PCR was performed using the same procedure as described for 3 -Db-PCR with
400 nM TaqMan probe concentration. These reaction mixtures were incubated at 95◦ C for 20 s, followed by 40 cycles
of 95◦ C for 1 s and 62◦ C for 20 s. U6 snRNA expression
was quantified for use as an internal control using SsoFast
EvaGreen Supermix (BioRad) and the following primers:
forward, 5 -TCGCTTCGGCAGCACATATAC-3 and reverse, 5 -CGAATTTGCGTGTCATCCTTG-3 .
RESULTS AND DISCUSSION
Design scheme of dumbbell PCRs to quantify a specific variant of RNAs
The TaqMan RT-PCR using stem–loop primers is a standard method to quantify miRNAs (37). However, this
method is inadequate to discriminate 5 -terminal variations
of targeted miRNAs because it utilizes a forward primer
derived from the interior sequences of the miRNAs (Supplementary Figure S1A). In addition, although stem–loop
primer recognizes and hybridizes to the 3 -end of targeted
miRNAs, our experiments targeting miR-16 similarly amplified the miR-16 and its 3 -variants that either contain an
additional G (miR-16-[3 +G]) or lack a G (miR-16-[3 -G])
at the 3 -end (Supplementary Figure S1B). These results,
in agreement with those of previous studies (38), indicate
that this method is not capable of distinguishing 5 - and 3 variants of small RNAs.
We designed methods of 3 -Db-PCR (Figure 1A) and 5 Db-PCR (Figure 1B) for selective quantification of specific
3 - and 5 -variant of small RNAs, respectively. In 3 -DbPCR, total RNA is extracted from cells and a 3 -Db-adapter
containing protruding 3 -end is hybridized to the 3 -end of
the target RNA in the total RNA. In 5 -Db-PCR, a 5 -Dbadapter containing protruding 5 -end is hybridized to the
5 -end of the target RNA. For subsequent Rnl2 ligation,
the target RNA in 3 - or 5 -Db-PCR should contain a 3 OH or 5 -P end, respectively. If the target RNA is expected
to contain a different terminal structure, total RNA should
be subjected to dephosphorylation/phosphorylation treatment in advance. If the hybridized RNA is the target RNA
with exact terminal sequences, the hybridization unites the
Db-adapters and the target RNA to form double-stranded
nucleotides containing a nick, which is an efficient substrate for Rnl2 ligation (40–42). Following hybridization,
Rnl2 ligates the adapter to the target RNA to generate
a ligation product with a one-sided ‘dumbbell-like’ secondary structure. Rnl2 ligation efficiency becomes severely
reduced when double-stranded nucleotides of the substrate
contain gaps or overlaps (41), suggesting that Rnl2 ligation
achieves high specificity toward target RNA. Finally, the
ligation product is amplified and quantified by TaqMan RTPCR. The TaqMan probe is designed to target the boundary of the adapter and target RNA for the PCR to exclusively quantify ‘dumbbell-like’ ligation products. Because
the TaqMan probe has the ability to discriminate difference
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3 -Db-adapter in a 9-l reaction mixture at 90◦ C for 3 min.
After adding 1 l of 10× annealing buffer containing 50
mM Tris–HCl (pH 8.0), 5 mM ethylenediaminetetraacetic
acid (EDTA) and 100 mM MgCl2 , the total 10-l mixture
was annealed by incubation at 37◦ C for 20 min. To ligate
the annealed adapter to miR-16, 10 l of the 1× reaction
buffer containing 1 U of Rnl2 (New England Biolabs) was
added to the mixture. The entire mixture (20 l) was incubated at 37◦ C for 1 h, followed by overnight incubation at
4◦ C. For reverse transcription, the ligated RNA (1 l) was
mixed with dNTP and RT primer, and the 7-l mixture was
incubated at 90◦ C for 2 min, followed by incubation on ice.
The mixture was then subjected to reverse transcription reaction (10 l volume) using SuperScript III Reverse Transcriptase (Life Technologies) at 55◦ C for 60 min. The resultant cDNA solution was diluted to 1:5 and 1.5 l of this
solution was added to the real-time PCR mixture containing 5 l of 2× Premix Ex Taq reaction solution (Clontech
Laboratories), 100 nM TaqMan probe, and 2 pmol each
of the forward and reverse primers (10 l in total). With
the StepOne Plus Real-time PCR system (Applied Biosystems), the reaction mixture was incubated at 95◦ C for 20 s,
followed by 30 or 40 cycles of 95◦ C for 1 s and 60◦ C for 20 s.
For detection of Bombyx piRNA-1 (piR-1), piRNA-2 (piR2) and their corresponding 3 -variants, piR-1-[3 +AGUC]
and piR-2-[3 +ACCA], present in BmN4 cells (45), realtime PCR was performed with 400 nM of TaqMan probe,
and the reaction mixture was incubated at 95◦ C for 20 s, followed by 40 cycles of 95◦ C for 1 s and 50◦ C or 60◦ C for 20
s for piR-1 or piR-2, respectively.
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Discriminative quantification of small RNAs and their 3 variants by 3 -Db-PCR
The 3 -Db-PCR scheme was evaluated by targeting human
miR-16, a widely expressed miRNA in tissues and cells
(48) (Supplementary Figure S2). The 3 -Db-adapter is composed of DNA with 5 -P and 3 -OH termini, which forms
a stem–loop structure containing loop sequences that are
identical to those of the stem–loop primer for the standard
miRNA quantification method (37) and a protruding 3 end complementary to the 5 -end of the target RNA (Figure 2A, Supplementary Figure S2). The hybridization of the
3 -Db-adapter with the target RNA forms double-stranded
DNA/RNA hybrids containing a nick of ‘RNA-OH-3 /5 P-DNA’, which is an efficient substrate for Rnl2 ligation
(40–42). The 3 -Db-PCR procedure successfully amplified
synthetic miR-16 (data not shown) and endogenous miR16 in total RNA from HeLa cells as a single amplified band
(Supplementary Figure S3). The ability of the 3 -Db-PCR
to discriminate target RNA from its variants that differ in
sequences by a minimum of a single nucleotide was tested

with the two 3 -variants containing an additional G (miR16-[3 +G]) or lacking a G (miR-16-[3 -G]). As shown in Figure 2B, neither of the variants produced a detectable signal
by 3 -Db-PCR specifically designed for authentic miR-16.
Furthermore, the Ct value from miR-16 was nearly equal to
those from the mixtures of miR-16 and its 3 -variants. These
results indicate that 3 -Db-PCR specifically and exclusively
quantifies authentic miR-16 without cross-reactivity to coexisting 3 -variants. To examine the quantification ability,
3 -Db-PCR was applied for different amounts of synthetic
miR-16 (0.01–1 fmol). The quantifications showed clear linearity between the log of miR-16 input and Ct value (Supplementary Figure S4A), indicating that the 3 -Db-PCR
method has a dynamic range of at least two orders of magnitude and is capable of quantifying synthetic target RNA.
We further utilized this method to quantify endogenous
miR-16 in HeLa total RNA (0.5–5 ng). The results showed
excellent linearity between total RNA input and detected Ct
value (Figure 2C), indicating the capability of 3 -Db-PCR
to quantify endogenous target RNA in total RNA.
To further examine the discriminative ability of 3 -DbPCR, we applied the method for quantification of B. mori
piRNAs and their 3 -variants expressed in BmN4 cells.
BmN4 cells are B. mori ovary-derived cultured germ cells
that endogenously express 24–30-nt piRNAs and their
bound PIWI proteins, both of which play crucial roles in
germline development, and therefore are a unique model
system for piRNA research (49). We previously identified
BmPAPI as a piRNA biogenesis factor shaping the 3 end maturation step of piRNAs and found that BmPAPIdepletion causes 3 -terminal extension of mature piRNAs in
BmN4 cells (45). We designed 3 -Db-adapters and primers
for two BmN4-expressing mature piRNAs, piR-1 and piR2, and their 3 -variants containing four additional nucleotides, piR-1-[3 +AGUC] and piR-2-[3 +ACCA], whose
expression levels were expected to be enhanced upon
BmPAPI-depletion (Supplementary Figure S5) (45). 3 -DbPCR quantifications were then performed using total RNA
extracted from BmN4 cells treated with control or BmPAPItargeted dsRNAs. As a result, BmPAPI depletion commonly reduced piR-1 and piR-2 levels, whereas the levels
of piR-1-[3 +AGUC] and piR-2-[3 +ACCA] were markedly
upregulated (Figure 2D). Thus, 3 -Db-PCR allowed for discriminative quantification of small RNAs and their endogenous 3 -variants, which recapitulated our previous findings,
showing the credibility and general versatility of the method
to quantify specific 3 -variants of small RNAs.
Discriminative quantification of miRNAs and their 5 variants by 5 -Db-PCR
Human miR-16 was targeted again to evaluate the 5 -DbPCR scheme (Supplementary Figure S6). The stem–loop
5 -Db-adapter contains both 5 - and 3 -OH ends and is
composed of DNA except for the last two 3 -terminal nucleotides that are designed as RNA (Figure 3A, Supplementary Figure S6). Therefore, the hybridization of the 5 -Dbadapter with the target RNA generates double-stranded
DNA/RNA hybrids containing a nick of ‘RNA-OH-3 /5 P-RNA’ between the 3 -end of the adapter and 5 -end of
the target, which is an efficient substrate for Rnl2 liga-

Downloaded from http://nar.oxfordjournals.org/ at Thomas Jefferson University, Scott Library on May 18, 2016

of a single nucleotide (47), the design results in highly specific detection of target RNA, which does not cross-react
with its 3 - or 5 -terminal variants. Hence, 3 - or 5 -Db-PCR
results in highly specific detection and quantification of specific 3 - or 5 -variant of RNAs with single-nucleotide discrimination ability.
We further combined the two methods to design a DbPCR method for selective quantification of a specific variant of small RNAs to simultaneously discriminate target
RNAs from their corresponding 5 - and 3 -variants (Figure 1C). For amplification by Db-PCR, target RNA should
contain the both 5 -P and 3 -OH ends. Db-PCR utilizes
a 5 -Dbs-adapter (5 -dumbbell adapter with spacer) which
was designed to contain a base-lacking 1 ,2 -dideoxyribose
spacer in the loop region. Db-PCR procedure involves hybridization and Rnl2 ligation of the 5 -Dbs-adapter to the
5 -end of target RNAs, followed by 3 -Db-adapter addition
and ligation to the 3 -end. After generating the ‘dumbbelllike’ ligation product, reverse transcription is performed to
synthesize cDNAs from the 3 -Db-adapter region. The reaction terminates at the nucleotide preceding a spacer in
the loop region of the 5 -Dbs-adapter, which prevents the
reaction from continuing to the end of the 5 -adapter and
thus generating highly structured cDNAs, which may impair subsequent PCR steps. Subsequent TaqMan PCR is
used to quantify the generated cDNAs. TaqMan probes
are designed to target the boundary of the target RNA
and 3 -Db-adapter. The forward primer is derived from the
5 -Dbs-adapter with a few 3 -terminal nucleotides corresponding to 5 -end of the target RNA, whereas the reverse
primer is derived from the 3 -Db-adapter. These designs
render PCR amplification completely dependent on ligation of both the 5 - and 3 -adapters to exclusively amplify
‘dumbbell-like’ ligation products. In addition, both 5 - and
3 -terminal sequences are assured by the forward primer
and TaqMan probe. Hence, Db-PCR governs highly specific detection and quantification with single nucleotide discrimination ability at both the 5 - and 3 -terminal sequences
of target RNAs.
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Figure 2. 3 -Db-PCR to quantify specific 3 -variants of small RNAs. (A) Sequences and secondary structures of 3 -Db-adapter (green) and targeted human
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Discriminative quantification of miR-16 and its variants by
dumbbell PCR
Because both 5 - and 3 -Db-PCRs showed high specificity
with single nucleotide resolution and quantification ability, we further evaluated the Db-PCR scheme, which was
designed by combining the two methods, by targeting human miR-16 (Supplementary Figure S8). Db-PCR utilizes a
stem-loop 5 -Dbs-adapter containing a base-lacking spacer
in the loop region and the 3 -Db-adapter used in 3 -DbPCR (Figure 4A, Supplementary Figure S8). In the process of identifying effective 5 -Dbs-adapter constructs, the
length of the protruding 5 -end was found to affect detection
efficiency. Three different 5 -Dbs-adapters containing 6, 12
or 16 nucleotides protruding from the 5 -end were used. As
shown in Figure 4B, the longer protruding 5 -end resulted

in more efficient detection, which was most likely due to the
high stability of the adapter–target RNA duplex. Thus, the
5 -Dbs-adapter with a 16-nt protruding end was used in the
subsequent experiments.
Db-PCR successfully amplified synthetic miR-16 (data
not shown) and endogenous miR-16 in HeLa total RNA
as a single amplified band (Supplementary Figure S3). As
shown in Figure 4C, all tested 5 - and 3 -variants and their
combinatorial variants containing an additional nucleotide
or lacking a nucleotide at their termini failed to show detectable signals. In addition, the Ct value obtained from
miR-16 alone was nearly equal to those from the mixture
of miR-16 and six of its variants, indicating the high specificity of the method toward authentic target RNAs with
single-nucleotide resolution at both the 5 - and 3 -terminal
sequences. While two of the variants, miR-16-[5 +U/3 -U]
and miR-16-[5 -U/3 +U], have the same length with miR-16
and were thus indistinguishable from miR-16 by northern
blot, Db-PCR exclusively detected authentic miR-16 (Figure 4D), confirming the high specificity of the Db-PCR toward authentic target RNA, which is not available by northern blot. Db-PCR was further applied for different amounts
of synthetic miR-16 (Supplementary Figure S4C) and endogenous miR-16 in HeLa total RNA (Figure 4E). Both
cases showed linearity between the log of sample input and
Ct value, indicating the capability of Db-PCR to accurately
reflect the relative amount of target RNA in total RNA.
Dumbbell-PCR quantification of small RNAs in BmN4 cells
and human cancer cell lines
To examine the feasibility and credibility of Db-PCR,
we quantified piR-2 and piR-2-[3 +ACCA] in control and
BmPAPI-depleted BmN4 cells (Supplementary Figure S9).
As exactly shown by 3 -Db-PCR, upon BmPAPI depletion,
Db-PCR quantification revealed a reduction in piR-2 levels,
whereas the levels of piR-2-[3 +ACCA] were markedly upregulated (Figure 5A). The Db-PCR recapitulation of the
results from 3 -Db-PCR suggests the credibility and general versatility of both methods. Moreover, using Db-PCR,
the expression profiles of miR-16 and miR-21 were determined in identical amounts of total RNA from eight different human cancer cell lines (Figure 5B). Each cell line exhibited a distinctive signature of the expression of the two
miRNAs, and each miRNA showed a distinctive expression
pattern in different cell lines. The high expression of miR-21
in MCF-7 compared with those in other breast cancer cell
lines was consistent with a previous study of miRNA quantification by microarray analysis (50). Among prostate cancer cell lines, in a previous study, the most abundant miR-21
expression in DU145 cells was observed using northern blot
and Real-time PCR analyses (51), which is consistent with
our Db-PCR results. These results indicate the credibility
and potential broad applicability of Db-PCR.
CONCLUSIONS
We developed efficient and convenient methods to selectively quantify variants of small RNAs by utilizing stem–
loop adapter ligations followed by TaqMan RT-PCR. The
5 - and 3 -Db-PCR methods are useful to distinctively quan-
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tion (40–42). The 5 -Db-PCR method successfully amplified synthetic miR-16 (data not shown) and HeLa endogenous miR-16 as a single band (Supplementary Figure S3).
Both synthetic 5 -variants of miR-16, containing an additional U (miR-16-[5 +U]) or lacking a U (miR-16-[5 -U])
failed to show detectable signals, and the Ct value obtained
from miR-16 was identical to those from the mixtures of
miR-16 and its 5 -variants (Figure 3B). These results indicate that 5 -Db-PCR exclusively quantifies authentic miR16 with the single-nucleotide resolution at 5 -terminal sequences. Clear linearity between the sample input and Ct
value was observed for 5 -Db-PCR using different amounts
of synthetic miR-16 (Supplementary Figure S4B) and HeLa
total RNA (Figure 3C), indicating the quantification ability of 5 -Db-PCR for endogenous target RNAs as well as
synthetic RNAs.
To further test the credibility and applicability of 5 -DbPCR, we targeted human miR-26a and miR-26a-[5 +A], a
5 -isomiR of miR-26a containing an additional A residue
(Supplementary Figure S7). Tan et al. (32) has recently reported that HepG2 cells express both miR-26a and miR26a-[5 +A], although expression of miR-26a-[5 +A] was
much lower compared to that of miR-26a. According to
northern blot analyses, HEK293 cells also expressed miR26a and miR-26a-[5 +A]. Compared to HepG2 expression,
HEK293 expression of both miRNAs seemed much lower,
but there was little difference in relative expression levels of
miR-26a and miR-26a-[5 +A]. HeLa cells showed an only
faint band on northern blot analysis of miR-26a, and no
band was detected for miR-26a-[5 +A] (32). We applied 5 Db-PCR to quantify the two miRNAs in total RNA from
HepG2, HEK293 and HeLa cell lines. As shown in Figure 2E, both miR-26a and miR-26a-[5 +A] were successfully amplified by 5 -Db-PCR from HepG2 cells with Ct values of 26.55 ± 0.27 and 30.10 ± 0.27, respectively, suggesting that 5 -Db-PCR distinctively amplified miR-26a and its
much less-abundant 5 -isomiR. Relative amounts of miR26a and miR-26a-[5 +A] in HEK293 cells versus those in
HepG2 cells were revealed to be 0.145 ± 0.004 and 0.166 ±
0.011, respectively. miR-26a was quantified by 5 -Db-PCR
at much lower amounts in HeLa cells than in the other two
cell lines, whereas miR-26a-[5 +A] expression was undetectable in HeLa cells. These results well recapitulated those
of a previous report (32).
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tify 5 - and 3 -variants of small RNAs, respectively. DbPCR simultaneously identifies specific 5 - and 3 -terminal
sequences of target RNAs and quantifies single small RNA
species with specific terminal sequences. As our view of
functional significance of isomiRs is being expanded, these
methods will provide a much-needed simple method to analyze terminal sequence variations of small RNAs, as these
factors may play important roles in various biological processes. This method can also shed light on the biological significance of small RNAs coexisting with abundant precursor RNAs in the cells, such as functional tRNA fragments

(52), for which specific detection and quantification require
discrimination.
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