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ABSTRACT

To date, ~700 microRNA (miRNA) molecules have been identified in humans. Accurate and sensitive quantification of miRNA
levels will help unveil their biological functions. Here, we extend the isothermal ramification amplification (RAM) approach to a
sensitive and specific real-time assay for quantitative analysis of miRNA. This RAM miRNA assay is based on the threshold cycle
(Cy) principle similar to that of real-time PCR. It has a dynamic range of at least seven orders of magnitude, allowing for the
quantification of miRNA input from 10° to 10'° copies per reaction (10 nM to 1 fM). The capabilities of discriminating single-
base mismatch and distinguishing mature miRNAs from their precursors are achieved by coupling the reverse-transcription of
miRNA to the generation of a closed C-probe, rather than using expensive detection probes like in real-time PCR. Quantitative
measurement of 5 miRNAs (mir-1, miR-122, mir-150, mir-143, and let-7a) across 12 mouse tissues is validated in total RNA
samples without further purification. U6 snRNA, snoRNA 135, and miRNA-191 could be simultaneously quantified as
endogenous controls. These results suggest that our RAM miRNA assay might provide a universal tool for miRNA detection and

functional studies to meet the needs for bench examination, clinical diagnosis, and on-site detection.
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INTRODUCTION

MicroRNAs (miRNAs) are a group of endogenous non-
coding single-strand RNAs, typically, 21-23 nucleotides
(nt) in length, which have been convincingly shown to play
a critical role in a wide variety of physiological processes
such as cell proliferation, differentiation, apoptosis, tumor
metastasis, etc. (Reinhart et al. 2000; Lagos-Quintana et al.
2001; Hutvagner and Zamore 2002; Johnson et al. 2005; Ma
et al. 2007; van Rooij et al. 2007; Yu et al. 2007). The
accurate and quantitative analysis of miRNA expression has
become imperative for the understanding of miRNA’s
functions, especially when the notion that miRNAs fine-
tune the expression of most of their target mRNAs is
becoming widely accepted (Giraldez et al. 2005; Flynt and
Lai 2008).
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However, given the fact that mature miRNAs are short in
length and some miRNAs contain a highly homologous
sequence (i.e., the let-7 family), the characterization of
miRNA expression pattern remains a challenging task. A
great deal of effort has been made on developing miRNA
detection methods, including modified Northern blot (Lee
et al. 1993; Lagos-Quintana et al. 2002), invader assay
(Allawi et al. 2004), splinted ligation (Maroney et al. 2007),
and LNA probes-based assay (Weinholds et al. 2005;
Kloosterman et al. 2006). Compared with these aforemen-
tioned methods, several real-time RT-PCR-based approaches
are becoming a prominent tool for miRNA quantitative
analysis due to their high sensitivity and specificity (Chen
et al. 2005; Raymond et al. 2005; Shi and Chiang 2005; Li
et al. 2009).

Besides the RT-PCR technique, rolling circle amplification
(RCA) is a novel isothermal DNA amplification technology
based on the rolling replication of short, single-stranded
DNA circles by certain DNA polymerases (Lizardi et al.
1998; Zhang et al. 1998, 2001). RCA has proven to be prom-
ising for target DNA, mRNA, and even protein detection in
various assays and revealed advantages over traditional
PCR. In this work, we present a real-time quantitative assay
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for mature miRNA based on the modified ramification am-
plification (RAM) approach. Through coupling the reverse
transcription of miRNA to the ligation of a C-probe as well
as isothermal amplification, we demonstrate that the new
assay could detect miRNA molecules expression in concen-
tration ranging from 10 nM down to 1 fM, and has re-
markable capability of single-base mismatch and precursor
discrimination. In use of common DNA probes and fluo-
rescent dyes, this assay could accurately quantify miRNAs
in total RNA samples without further enrichment.

RESULTS

This RAM miRNA assay consisted of three steps: reverse
transcription of miRNA, C-Probe ligation, and ramifica-
tion amplification (Fig. 1A). First, an oligonucleotide RT-
primer bound to the 3 end of the miRNA and was reverse
transcribed. Secondly, the reverse-transcribed product was
circularized in the presence of a bridge probe and then
ligated to form a closed C-probe by Taq DNA ligase. Finally,
ramification amplification was initiated upon the addition
of Bst DNA polymerase, primer 1 (P1) and primer 2 (P2)
following a previous description (Zhang et al. 2001; Li et al.
2005; Yi et al. 2006). Since RAM followed a similar expo-
nential nature to that of conventional real-time PCR (Sup-
plemental Fig. S1), data processing methodology commonly
used in quantitative PCR was employed herein (see more
details in Materials and Methods).

Real-time observation of each concentration of let-7a in
triplicate is presented in Figure 1B. The amplification plot
showed excellent linearity between the log of initial miRNA
copy number input versus its Cr values. This RAM assay
was capable of detecting as few as 10> copies (zeptomole) of
let-7a and had a dynamic range of at least seven orders
of magnitude for each reverse-transcriptase reaction. We
observed the same sensitivity and dynamic ranges when
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characterizing other miRNA molecules such as miR-1,
miR-122 (Supplemental Fig. S2).

Next, we investigated the specificity of the RAM miRNA
assay by using eight closely related sequences of let-7 family.
Figure 2 showed that the let-7 family assays produced
<0.1% nonspecific signal only with a few of exceptions. We
assumed that three steps coordinated each other to ensure
the detection specificity (Fig. 2A). In brief, a RT-primer
was able to discriminate a mismatch at 3’ end of miRNA,
while the following C-probe ligation of transcribed cDNAs
could distinguish a 5" end mismatch. A pair of amplifica-
tion primers (mainly P1) could further help discriminate
a mismatch site in the middle of the miRNA sequence.
Thus, to tailor the sequences of those RT-primers, bridge
probes or amplification primers would enable us to create
a RAM assay, which was capable of discriminating a sin-
gle mutation along miRNA sequence, for each miRNA
molecule.

Precursor miRNA (pre-miRNA) is a stable hairpin con-
taining an entire miRNA sequence, which may interfere
with mature miRNA detection. Our assay was able to dis-
tinguish mature miRNAs such as let-7a, mir-122, and mir-1
from their precursors (Table 1). When the assays designed
to detect mature miRNAs were tested with in vitro tran-
script precursors, we observed that even if precursor miRNAs
were of 100 times higher concentration than mature miRNAs
in reaction, they would not contribute any higher than back-
ground signal to the assay for mature targets. Thus, we claimed
that this RAM assay was superior to TagMan miRNA assay in
aspect of their capability of precursor discrimination (Chen
et al. 2005).

Prior to investigate the expression profile of miRNAs
across different tissues, we evaluated the anti-interference
capability of this RAM assay. Since miR-122 was renowned
as a liver-specific miRNA, we quantitively examined this
miRNA molecule in the absence or presence of nonliver

13. Real time

2.Ligation
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FIGURE 1. (A) Schematic description of the real-time RAM miRNA assay. This assay consisted of three steps: miRNA reverse transcription, C-Probe
ligation, and ramification amplification. Those steps coordinated each other to ensure the detection specificity. SYBR Green I dye was employed here.
(B) Dynamic range and sensitivity of let-7a. Synthetic let-7a input ranged from 10” to 10'® copies per reaction. Each experiment was repeated three times.
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FIGURE 2. Discrimination power of let-7 family assays. (A) Schematic description of the discrimination capability of let-7a assay from other let-
7 members such as let-7b, let-7d, and let-7f. In brief, the reverse transcription step allowed us to discriminate let-7b from 7a by employing well-
designed RT-primers, and let-7d could be successfully eliminated by a bridge probe in the following ligation step. Finally, let-7f was excluded by a
pair of amplification primers hybridizing to the closed C-probe. (B) Eight closely related sequences of the let-7 family. Bases that differ from let-7a
are highlighted in blue. (C) Relative detection (%) by RAM reaction was calculated on Cr difference between the perfect match and mismatched
target; 1 X 10% copies of miRNAs per reaction were used as template in real-time RAM detection assays. The concentration was estimated based

on the A,q, values. Each experiment was repeated three times.

total RNAs. The results demonstrated that the anti-inference
capability of our assay was excellent when no more than
200 ng of total RNA was included per RT reaction
(Supplemental Fig. S3). In the meanwhile, we investigated
the dynamic range of the RAM assay and determined the
appropriate loading amount when in use of total RNA
sample. Figure 3 showed that when RNA input ranged from
0.05 ng to 500 ng, the Cr values correlated to the RNA
input (R* > 0.990) over four orders of magnitude. To
guarantee good experimental repeatability, 100 ng of total
RNA was preferable in this assay.

The expression profile of five miRNAs (miR-1, miR-122,
miR-143, miR-150, and let-7a) was quantitively analyzed
across 12 different mouse tissues (Fig. 4A; Supplemental
Fig. S3). We observed that miR-122 abundantly expressed
in liver (mir-122, ~30,000 copies per cell), miR-1 in heart
or skeletal muscle (~190,000 or 500,000 copies per cell,
respectively), and miR-150 in spleen (~22,000 copies per
cell) if assuming average 15 pg of total RNA per cell (Fig.
4A). By comparison, miR-143 and let-7a exhibited less
tissue-specific patterns and existed in most of these tissues
ranging from 50 to 3000 copies per cell. These results were
further confirmed by the use of the Ncode RT-PCR assay, a
commercially available miRNA detection kit, with excep-
tion of let-7a.

Finally, we adapted the RAM assay to the direct detection
of U6 snRNA, a universal endogenous control, to normal-
ize the amount of total RNA sample. A specially designed
RT-primer for U6 snRNA was reverse transcribed into 72
nt of cDNA, further ligated into a closed C-probe, and
exposed to RAM amplification. We compared this RAM
method with conventional RT-PCR for the characterization
of U6 expression across 12 tissues. As presented in Figure
4B, both methods agreed well with each other in all tested
tissues. Small RNAs such as snoRNA 135 and miRNA-191

were recently showed as more stable normalizers in miRNA
gRT-PCR experiments (Applied Biosystems) (Peltier and
Latham 2008). Thus, we examined the expression levels of
both snoRNA 135 and miRNA-191 across 12 tissues by use
of either the RAM assay or Ncode RT-PCR assay. We found
that both assays presented almost the same expression
patterns of both small RNAs across all tested tissues.
Therefore, all those results strongly supported the assertion

TABLE 1. Discrimination between let-7a, miRNA-122, miRNA-1,
and their precursors

Synthetic miRNA  Synthetic precursor

ID (number of copies)  (number of copies) miRNA Cr
Let-7a 1% 108 0 17.68
0 1% 108 ND
0 1% 10° ND
0 1% 10'° ND
1% 10° 1 % 108 17.40
1% 108 1% 10° 17.92
1 % 10® 1 x 10" 16.73
mir-122 1 x 108 0 14.59
0 1% 108 38.36
0 1% 10° 36.66
0 1 x 10" 33.26
1 x 108 1% 108 14.71
1% 108 1 x 10° 14.73
1 x 108 1% 10'° 15.15
mir-1 1% 108 0 25.26
0 1 % 108 ND
0 1% 10° ND
0 1% 10" ND
1% 108 1% 108 25.82
1% 108 1% 10° 26.66
1% 108 1% 10'° 27.43

ND: Ct > 80; mir-122: miRNA122; mir-1:miRNA-1.
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FIGURE 3. Correlation of total RNA input to the Cr values for five
miRNAs in total RNA samples. Mouse tissue total RNA input ranged
from 0.05 ng to 500 ng per reaction.

that our assay can be used for the quantitative character-
ization of miRNAs among or across tissues.

DISCUSSION

Jonstrup et al. (2006) recently demonstrated a miRNA
detection system based on padlock probes and rolling circle
amplification (RCA), in which a target miRNA functioned
as both the mediator for the circularization of padlock
probes and the primer for RCA. Cheng et al. (2009) more
recently improved the sensitivity of this method by using
branched-RCA. As we know, ordinarily a single nucleotide
mismatch at the middle position could be easily distin-
guished by C-probe ligation, but a terminal mismatch
would lead to poor discrimination. Furthermore, simulta-
neously discriminating a group of highly analogical miRNAs
(such as the let-7 family) is still a challenging task for ligase
itself. In this work, we incorporated an additional step,
reverse transcription, prior to C-probe ligation and iso-
thermal amplification. Although such incorporation com-
promised a little operating convenience, the coupling of
these steps endowed this miRNA assay with the remark-
able features such as high sensitivity, single mutation dis-
crimination, as well as wide dynamic range. Our assay
demonstrated the increase in sensitivity by at least five
orders of magnitude over padlock-based miRNA assay. The
reverse transcription step allowed us to discriminate let-7b,
7¢, 7g, and 7i from 7a by employing well-designed RT-
primers (Supplemental Table S3). Then, let-7d, with a 5’
end mismatch, could be successfully eliminated by a bridge
probe in the following ligation step (Fig. 2 A). Finally, let-
7e and 7f were excluded by a pair of amplification primers
hybridizing to the closed C-probe.

Our assay realized the quantitative analysis of miRNA
expression level by use of total RNA samples. Four miRNAs,
including mir-122, mir-1, mir-150, mir-143, and let-7a,
examined by this assay showed same expression patterns to
ones quantified with Ncode RT-PCR assay across a dozen
of the mouse tissues. The expression level of those miRNAs
also agreed very well with the previous reports. For example,
Chang et al. (2004) quantified ~66,000 copies of miR-122
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per cell in mouse liver tissue by Northern analysis, while
Zhou et al. (2007) also found that miRNA-150 was highly
expressed in the spleen, >20 times than in the thymus and
heart. However, our assay showed lower let-7a expression
levels than the Ncode RT-PCR assay did in almost all tested
tissues (Supplemental Fig. S4). We presumed that the
variation might result from the discrimination capability of
both assays to let-7a family.

The characterization of relative expression of a miRNA
among or across tissues required the normalization of the
amount of loading samples according to a universal endo-
genous control. Our assay was demonstrated to have the
capability of quantifying several well-know endogenous con-
trols including U6 snRNA, snoRNA-135, and miRNA-191
across different tissues, which were confirmed by conventional
real-time RT-PCR or Ncode RT-PCR assay, respectively.

The detection throughput was another major concern
in the quantitative analysis of miRNA profiling. Although
microarray-based techniques were particularly appealing
since they could examine thousands of miRNAs in parallel,
and their accuracy and sensitivity were still arguable. We
believed that once incorporated with a multiplexed detec-
tion system, our assay also held the possibility of being an
assay of quantitative analysis of hundreds of miRNA mole-
cules simultaneously, which should be satisfied with general
needs given no more than 1000 of the miRNA molecules
identified in a cell so far.

In summary, RAM was adapted to quantitively examine
miRNA for the first time through the coupling of reverse
transcription, C-probe ligation, and isothermal amplifica-
tion. Like the TagMan assay, this RAM miRNA assay dem-
onstrated the remarkable capabilities of sensitive and specific
quantification of mature miRNAs. However, instead of
demanding steps of thermal cycling and expensive fluores-
cent probes akin to the TagMan assay, this assay took
advantage of isothermal reaction steps and ordinary DNA
probes as well as fluorescent dyes, thus enabling researchers
to perform practical and prevalent detection of miRNAs
with lower cost and greater convenience. Those features are
becoming more and more important, since there are many
lines of evidence showing that miRNAs might be a novel
class of biomarkers for cancer diagnosis, the study of cancer
origin (Lu et al. 2005; Shell et al. 2007; Gilad et al. 2008), and
even on-site viral detection until the recent identification of
miRNAs in viruses (Pfeffer et al. 2005; Gupta et al. 2006).
Further studies will utilize this assay to quantitively charac-
terize other small RNAs such as piwiRNAs.

MATERIALS AND METHODS

Mature miRNA, precursor miRNAs, probes,
and primers

Sequences of mature and precursor miRNAs including the let-7
family, mir-122, mir-1, mir-143, mir-150, and mir-191 were selected
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from the Sanger Center miRbase (http://microrna.sanger.ac.uk/
sequences), and the sequences of snoRNA 135 and U6 were obtained
from NCBI database (http://www.ncbi.nlm.nih.gow). Synthetic
mature miRNAs were purchased from Shanghai GenePharma, and
all precursor miRNAs were produced through in vitro transcription
(Supplemental Table S1).

All of the DNA probes and primers were purchased from
Invitrogen. Oligonucleotides were purified by polyacrylamide gel
electrophoresis, and sequences are listed in Supplemental Tables
S2 and S3. Nucleic acid concentrations were determined by
absorption readings at 260 nm on a NanoDrop Spectrophotom-
eter (ND-100, ThermoFisher).

Tissue preparation and total RNA extraction

Dissected organs including the heart, intestine, liver, spleen, lung,
kidney, thymus, colon, ovary, testicle, brain, pancreas, and skeletal
muscle from 8-wk-old mice were utilized for the preparation of
total RNA samples using TRNzol reagent (Catalog No. DP405-02,
Tiangen) following the manufacturer’s procedure. In brief, tissue
samples were thoroughly homogenized in 1 mL of TRIZol reagent
per 50-100 mg of tissue sample. After that, 0.2 mL of chloroform
was added per 1 mL of TRIZol reagent, and then the samples were
mixed vigorously for 15 sec and incubated at room temperature
for 2 to 3 min. The samples were centrifuged at 12,000g for 15 min
at 4°C and the upper aqueous phase were carefully removed
without disturbing the lower phase into a fresh tube. The same
volumes of isopropyl alcohol were added and mixed well. The
samples were incubated at 15°C-30°C for 20 min and centrifuged
at 12,000g at 4°C for 10 min. Following centrifugation, the super-
natants were removed completely and RNA pellet was washed
with 75% ethanol twice. Finally, RNA pellet was air dried and
eluted in nuclease-free water. All animal procedures were in ac-
cordance with Institutional Animal Care and Use Committee
(TACUC) and OECD guidelines.

Preparation of dsDNA templates

A total of 50 pmol of forward and reverse DNA oligomers was
annealed by incubation at 75°C for 5 min, then slowly cooled
to room temperature (~30 min). The fill-in reaction to form
dsDNA templates was performed in a 20 pL volume containing
10 mM Tris-HCI, 50 mM NaCl, 10 mM MgCl,, 1 mM DTT, 0.25
mM dNTPs, and 5 U Klenow Fragment (3'-5" exo) (New England
BioLabs) at 37°C for 1 h. Then the reaction mixture was heated at
75°C for 20 min to inactivate the enzyme and slowly cooled to
room temperature for dsDNA annealing.

In vitro transcription reaction

A total of 20 pL of the aforementioned dsDNA template mixture
was added into 30 pL of in vitro transcription buffer containing
0.5 mM NTPs, 40 mM Tris-HCI, 6 mM MgCl,, 10 mM DTT,
2 mM spermidine, 40-200 U Ribonuclease Inhibitor (Takara),
and 50 U T7 RNA Polymerase (New England BioLabs). The
reaction ran at 37°C for 4 h. After that, 1 U of RNase-Free DNase
I (Fermentas) was added to digest DNA templates. Finally, the
precursor miRNAs in the transcription mixture were purified
with phenol/chloroform extraction by disposing of extra salt and
proteins. The transcripted precursor miRNAs were examined by
2% Agarose gel, and the concentration was determined from the
absorption at 260 nm with NanoDrop spectrophotometer.
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Phosphorylation and reverse transcriptase reaction

Before miRNA was reverse transcribed, the RT primer was chem-
ically 5'-phosphorylated. A total of 0.5 nmol RT primer was
heated to 75°C for 5 min, and then chilled on ice prior to the
treatment with kinase. The 50 nL reaction volume containing 50
mM Tris-HCI (pH 8.0), 10 mM MgCl,, 5 mM Dithiothreitol
(DTT), 1 mM ATP, 20 U T4 polynucleotide kinase (Takara), and
DNA probes was performed at 37°C for 2 h. Finally, T4 poly-
nucleotide kinase was inactivated by incubating at 65°C for 20 min.

Reverse transcriptase reaction for the formation of cDNA from
miRNA was performed in a 10 pL volume, which contained 1 pL
of total RNA sample, 500 nM 5’-phosphorylated RT primers, 20 U
PrimeScript reverse transcriptase (Takara), 50 .M dNTPs and 1X
reaction buffer (pH 8.3, 50 mM Tris-HCI, 75 mM KCl, and 3 mM
MgCl,) at 41°C for 30 min. Then, 2.5 U Ribonuclease H
(Fermentas) were added at 37°C for 20 min for the degradation
of miRNA strand in the RNA-DNA hybrid.

Ligation of C-probe

The mixture of 10 pL of the reverse transcribed product and 1 pL
of the bridge probe (10 wM) was boiled at 95°C for 2 min, which
was then slowly cooled to room temperature to form an open
C-probe hybrid. The nick in the C-probe was sealed by 10 U
thermophilic Tag DNA ligase (New England BioLabs) in reaction
buffer containing 20 mM Tris-HCl (pH 7.6), 25 mM KAc, 10 mM
Mg(Ac),, 10 mM DTT, 1 mM NAD, and 0.1% Triton X-100 (total
volume of 20 pL), at 55°C for 45 min.

Real-time RAM assay

The isothermal amplification was performed in a 25-pL volume
containing 1 L of ligation product mixture, 1.2 wM of each
primer-1 and -2, 100 puM dNTPs, 20 mM Tris-HCl (pH 8.8), 10
mM KCl, 10 mM (NH,),SO4, 2 mM MgSOy,, 0.1% Triton X-100,
6% dimethyl sulfoxide, 6 pL of 1X SYBR Green I dye (Bio-
Vision), and 6.4 U Bst DNA polymerase large fragment (New
England BioLabs). The reactions were incubated at 65°C in a 96-
well plate and were real-time monitored for 100 cycles with a 25-
sec period by an Opticon2 DNA Engine (Bio-Rad). All reactions
were run in triplicate. The threshold cycle (Cr) was defined as the
fractional cycle number at which the fluorescence passed the fixed
threshold.

Ncode RT-PCR and conventional real-time PCR assay

To quantify the miRNA expression level by the real-time PCR
method, the cDNA was synthesized using the NCode VILO
miRNA cDNA Synthesis Kit (Invitrogen). Briefly, all the miRNAs
in total RNA samples or snoRNA 135 were polyadenlyated and
reverse-transcribed using poly A polymerase, ATP, SuperScript III
RT, and a specially designed universal RT primer in a single
reaction. The resulting cDNA was subjected to real-time PCR
using SYBR Green ER qPCR Mix (Invitrogen). The Universal
qPCR Primer was provided in the VILO kit and the forward
primer was designed according to NCode miRNA Database at
http://escience.invitrogen.com/ncode. Quantitative Real-time PCR
was used under the following thermocycler conditions: 50°C for
2 min, 95°C for 2 min, 40 cycles of 95°C for 15 sec, and 60°C for
50 sec.
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U6 small nuclear RNA was quantified by the traditional real-time
PCR method. Total RNA were reversed-transcribed using random
primers. A total of 20 wL of the reaction volume, including total
RNA samples, 25 nM random primers, 100 U PrimeScript reverse
transcriptase (Takara), 0.25 mM dNTPs, and 1X reaction buffer
(pH 8.3, 50 mM Tris-HCI, 75 mM KCl, and 3 mM MgCl,) were
incubated at 42°C for 60 min. The cDNA was subjected to real-time
PCR using SYBR Green ER qPCR Mix and the cycling parameters
were the same as the procedures of miRNAs.

Data processing methodology

A 10-fold dilution series of synthetic miRNAs were used as
standard template to generate a plot of log numbers of miRNAs
(x-axis) at different dilutions versus the corresponding Cr Value
(y-axis). A linear regression line or standard curve was con-
structed and followed using the equation y = ax + b or Cr = a(log
quantity) + b. Thus, the unknown samples assayed in the same
run could be determined according to the standard curve.

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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