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ABSTRACT

MicroRNAs (miRNAs), a class of non-coding RNAs,
have become a major focus of molecular biology
research because of their diverse genomic origin
and ability to regulate an array of cellular processes.
Although the biological functions of miRNA are yet
to be fully understood, tissue levels of specific
miRNAs have been shown to correlate with patho-
logical development of disease. Here, we demon-
strate that molecular beacons can readily
distinguish mature- and pre-miRNAs, and reliably
quantify miRNA expression. We found that molecu-
lar beacons with DNA, RNA and combined locked
nucleic acid (LNA)–DNA backbones can all detect
miRNAs of low (<1 nM) concentrations in vitro,
with RNA beacons having the highest detection sen-
sitivity. Furthermore, we found that molecular
beacons have the potential to distinguish miRNAs
that have slight variations in their nucleotide
sequence. These results suggest that the molecular
beacon-based approach to assess miRNA expres-
sion and distinguish mature and precursor miRNA
species is quite robust, and has the promise for as-
sessing miRNA levels in biological samples.

INTRODUCTION

MicroRNAs (miRNAs) are a recently recognized class
of short (19–25 nt), single-stranded, non-coding RNAs
that regulate an array of cellular functions through the
degradation and translational repression of mRNA
targets. These targeted transcripts are typically involved
in critical cellular processes, including differentiation,
growth, proliferation and apoptosis (1). Thus, miRNAs
are regarded as pivotal regulators of normal development
and physiology, as well as disease. In human tissues, over

1400 miRNAs have been identified (2). miRNAs have
been shown to be important in mammalian development
(3) as well as various postnatal biological processes,
including skeletal muscle proliferation (4), cancer (5),
angiogenesis (6,7), cardiac hypertrophy and cardiac
failure (8–10). Importantly, tissue levels of specific
miRNAs have been shown to correlate with pathological
development of disease (11). Thus, a rapid and efficient
method of assessing miRNA expression would be useful
for diagnosing disease and identifying novel therapeutic
targets.
miRNAs in cells have three distinct forms: pri-miRNA,

pre-miRNA and mature miRNA. Although only the
mature form of the miRNA is involved in post-
transcriptional regulation of gene expression, quantifying
the relative expression levels of mature miRNA and its
precursors is important for understanding miRNA tran-
scription, localization and processing. Currently, the best
methods for assessing precursor and mature populations
of miRNA are northern analysis and qRT–PCR.
Northern analysis requires the use of radioactive or haz-
ardous agents and is labor intensive. Both reverse tran-
scription (RT) and PCR reactions require the use of
expensive enzymes and reagents, and a miRNA amplifica-
tion step is required before signal can be detected.
Northern analysis can simultaneously assess precursor
and mature miRNAs by separating them based on size,
but the approach to assessing precursor and mature
miRNA levels via qRT–PCR usually requires RT and
PCR reactions for each. For precursor miRNA, primers
that are specific to the pri-miRNA or pre-miRNA forms
are used (12,13). For assessing mature miRNA, a modifi-
cation of the RT step that involves the addition of an
oligonucleotide tail to the miRNA is usually required;
however, this process may not allow for complete separ-
ation of signals from precursor and mature miRNAs.
Distinguishing between precursor and mature miRNAs
is important because their expression levels are not analo-
gous; several studies have shown that precursor levels of
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miRNA may remain unchanged when the mature miRNA
level varies widely (14–23).
Molecular beacons have been used for RNA sensitive

detection both in vitro and in living cells (24). Molecular
beacons are oligonucleotide (DNA or RNA) stem–loop
hairpin probes containing an anti-sense hybridization
sequence that is flanked by two short (usually 4–7 nt),
self-complementary sequences (25). The termini of the
probe are conjugated to a fluorescent dye and a suitable
quencher for that dye. In the absence of complementary
miRNA target, the probe forms a stem–loop structure that
results in quenching of the fluorophore (Figure 1).
Hybridization of the beacon with the complementary
miRNA sequence, which is energetically more favorable,
opens the hairpin probe, thus physically separating the
fluorophore from the quencher, and allows the
fluorophore to fluoresce upon excitation (26). In theory,
the probe elicits a signal only upon direct hybridization to
the complementary RNA sequence. Therefore, RNA as-
sessment can be performed in one step without the need
for RT or amplification steps, and excess probe does not
have to be removed prior to measurement.
In this study, we describe the use of molecular beacons

to target miR-21 (miRNA 21), a miRNA that has received
extensive studies. For example, miR-21 has been found to
be consistently upregulated in several cancerous tissues
(27), and implicated to modulate cell survival. It has
also been detected in quiescent cells, including endothelial
cells (28,29), vascular smooth muscle cells (30), and
cardiac myocytes (31). Our results suggest that molecular
beacons can distinguish between mature and pre-
miRNAs, and thus have the potential to become a
powerful tool for assessing mature miRNAs and
pre-miRNAs in clinical samples.

MATERIALS AND METHODS

Molecular beacon design

DNA or RNA molecular beacons complementary to
either the mature nucleotide sequence of miR-21 or the
hairpin loop region of the pre-miR-21 were designed.
These beacons contained at least 22 complementary
bases, a 6FAM fluorophore on the 50-end, and a Black
Hole Quencher 1 (BHQ1) or an Iowa Black quencher
(IAblk) on the 30-end. Similarly, a DNA– locked nucleic
acid (LNA) molecular beacon complementary to the
mature nucleotide sequence of miR-21 was designed
with a 50-end 6FAM fluorophore and 30-end Iowa Black
quencher (IABlk). For the LNA beacon, every other nu-
cleotide of the complementary sequence was replaced with
a LNA base (Table 1); the ribose moiety of the nucleic
acids is modified with an extra bridge connecting the 20

and 40 carbons, which significantly enhances the stability
of the beacon hybridizing to the miRNA. The secondary
structure and melting temperature of each beacon were
determined by the mfold (32) program before beacons
were synthesized. The molecular beacons were syn-
thesized by Sigma (DNA beacons) or Integrated DNA
Technologies (DNA–LNA beacons, RNA beacons).
Each beacon had a density of at least 3 OD and was
purified by HPLC. Molecular beacons were suspended in
nuclease-free water to a concentration of 1 mg/ml and
stored in an opaque tube at �20�C.

DNA molecular beacons were designed to be comple-
mentary to the mature sequences of miR-24 or miR-27b.
Each beacon consists of a 50 6FAM fluorophore, a 30

BHQ1, and a hairpin loop containing nucleotides comple-
mentary to the 20–22 nt of the mature miRNA flanked by
residues necessary to form a beacon stem. The molecular

Figure 1. Schematic illustration of molecular beacon hybridization assays. In the absence of complementary target, the molecular beacon designed
for mature miRNA (mature beacon) or pre-miRNA (precursor beacon) forms a stem–loop structure that brings the quencher in close proximity to
the fluorophore, thereby quenching the fluorescence emission. Hybridization of the beacon to its miRNA target opens the hairpin, which disrupts the
stem of the beacon and physically separates the fluorophore from the quencher and allows fluorescence emission upon excitation. See Table 1 for
beacon sequence that is complementary to miRNA target. For some beacons, but not all, there may be one or more nucleotides that overlap between
the beacon stem and the mature miRNA sequence. (A) Hybridization of the mature beacon to the mature miRNA target. (B) Hybridization of the
precursor beacon to the pre-miRNA target. This beacon hybridizes to the loop sequence of the pre-miRNA hairpin structure.
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beacons were synthesized by Integrated DNA
Technologies. The beacons were reconstituted and stored
just as the miR-21 beacons mentioned previously.

Synthetic miRNAs used for beacon hybridization

To assess the sensitivity and specificity of the molecular
beacons, the RNA sequences of mature miR-21, miR-155,
miR-24, miR-27b and miR-27a were synthesized by
Integrated DNA Technologies. In addition to the
mature miR-21 (22 nt), pre-miR-21 (72 nt) was synthesized
and used for miR-21 molecular beacon hybridization
assays. Both DNA (Integrated DNA Technologies, IDT)
and RNA forms of miR-21 (Sigma and Midland Certified
Reagent Company) were used in these assays. As shown in
Table 2, three mutants of the wild-type mature miR-21
and three mutants of the wild-type pre-miR-21 were also
used in the hybridization assays. Specifically, for the
mature miR-21 mutants, 1, 3, or 5 nt of the mature
sequence were mutated; m1 had one nucleotide that was
mutated, m3 had three mutated nucleotides and m5 had
five mutated nucleotides. Similarly, for the mutant
pre-miR-21 sequences, 1-, 3- or 5-nt mutations were intro-
duced at random into the hairpin loop region of the pre-
cursor. The precursor mutants were labeled as p1, p3

and p5, respectively. For all sequences, mutations were
designed so that G was replaced with A and C was
replaced with T. All synthetic miRNAs were suspended
in nuclease-free water to a concentration of 1 nmol/ml
and stored at �20�C.

Melting curves for beacon-miR-21 duplexes

To determine the melting temperature of each miR-21
beacon with the synthetic wild-type or mutant miRNAs,
melting curves (curves of fluorescence intensity F as a
function of temperature T) for the miR-21 beacons
incubated with wild-type or mutant miRNAs were
generated. Beacon (0.1 ml) was added to PBS, pH 7.4,
with or without the indicated concentration of miRNA
or pre-miRNA to a final volume of 50 ml in a 0.2ml
optical tube. The final beacon concentration was 200 nM
and the miRNA concentration was 500 nM. After an
initial denaturation step (3min at 95�C), melting curves
were determined by measuring the fluorescence signal as
the temperature of the reaction was lowered from 80�C to
25�C, using a Stratagene Mx3005P Real Time PCR
System. The fluorescence intensity for each beacon-
miRNA duplex was calculated and graphed versus the
temperature. The point of the steepest slope on each

Table 2. miRNA sequences used for molecular beacon hybridization assays

Target Sequence

Wild-type mature miR21 50 TAGCTTATCAGACTGATGTTGA 30

Mutant mature miR21 m1 50 TAACTTATCAGACTGATGTTGA 30

Mutant mature miR21 m3 50 TAACTCGTCAGACTGATGTTGA 30

Mutant mature miR21 m5 50 TGACTCGCCAGACTGATGTTGA 30

Wild-type pre-miR21 50 TGTCGGGTAGCTTATCAGACTGATGTTGACTGTTGAATCTCATGGCAACACCAGTCGATGGGCTGT
CTGACA 30

Mutant pre-miR-21 p1 50 TGTCGGGTAGCTTATCAGACTGATGTCGACTGTTGAATCTCATGGCAACACCAGTCGATGGGCTGT
CTGACA 30

Mutant pre-miR-21 p3 50 TGTCGGGTAGCTTATCAGACTGATGTCGACTGCCGAATCTCATGGCAACACCAGTCGATGGGCTGT
CTGACA 30

Mutant pre-miR-21 p5 50 TGTCGGGTAGCTTATCAGACTGATGCCGACTGCCGAGTCTCATGGCAACACCAGTCGATGGGCTGT
CTGACA 30

Mature miR-24 50 TGGCTCAGTTCAGCAGGAACAG 30

Mature miR-27b 50 TTCACAGTGGCTAAGTTCTGC 30

Mature miR-27a 50 TTCACAGTGGCTAAGTTCCGC 30

Table 1. Characteristics of miRNA molecular beacons

Probe Sequence Dye Quencher Probe
length

Stem
length

Tm (�C)

Mature miR-21 DNA GCGCGTCAACATCAGTCTGATAAGCTACGCGC 6FAM BHQ1 32 6 64
Pre-miR-21 DNA GGTGTTGCCATGAGATTCAACAGTCAACACC 6FAM BHQ1 31 7 63
Mature miR-21 LNAa CGCGTCAACATCAGTCTGATAAGCTACGCG 6FAM IABlk 30 5 73
Pre-miR-21 LNA CCTGTTGCCATGAGATTCAACAGTCAACAGG 6FAM IABlk 31 7 67
Mature miR-21 RNA CCGTCAACATCAGTCTGATAAGCTACGG 6FAM IABlk 28 4 50
Pre-miR-21 RNA CGTTGCCATGAGATTCAACAGTCAACG 6FAM IABlk 27 5 61
Mature miR-24 DNA TGGCTGTTCCTGCTGAACTGAGCCA 6FAM BHQ1 25 5 54
Mature miR-27 b DNA GGCAGAACTTAGCCACTGTGAATCTGCC 6FAM BHQ1 28 6 58

aLNA=locked nucleic acid; LNA bases are shown by bold letters in the sequences. Bases complementary to the miRNA are shown in italics. Bases
that comprise the beacon stem are underlined.
BHQ1=Black Hole Quencher 1; IABlk, Iowa Black quencher.
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melting curve indicates the melting temperature of the
duplex formed by the molecular beacon and miR-21.

Beacon hybridization assay

Hybridization of beacon to miRNA in vitro was assessed
at 37�C using a Tecan Safire plate reader to record fluor-
escence intensities. Molecular beacons and synthetic
miRNA were added to PBS, pH 7.4, to a final volume
of 50 ml and final beacon concentration of 200 nM. The
reactions were incubated at 37�C for 20–60min in a
384-well flat bottom tray before the intensity of the fluor-
escence was determined. The gain intensity of the reac-
tions was determined for each experiment and the Tecan
Safire generated relative fluorescence intensity values or
relative fluorescence units (RFU).
To determine the sensitivity of the miR-21 molecular

beacons in hybridizing to miR-21, melting curves were
generated for each beacon and miRNA over a range
of miRNA concentrations as described above. The back-
ground, i.e. fluorescence signal from the molecular beacon
alone was subtracted from the fluorescence signal from the
duplexes formed by the beacons and miRNA. The lowest
concentration of miR-21 with positive fluorescence differ-
ence values indicates the lowest concentration of bound
miR-21 detectable by the molecular beacon.

RNA from endothelial cells

RNA was extracted from human umbilical vein endothe-
lial cells (HUVECs) grown on 100-mm culture dishes in
the presence of 0.1% gelatin at 37�C and 5% CO2. Cells
were subjected to static conditions or 24 h of unidirection-
al shear stress at a force of 15 dynes/cm2 using a cone-in–
plate viscometer at 37�C and 5% CO2. After the 24-h
shear conditions, the cells were lysed and removed from
the culture dish. RNA was extracted using the MiRVana
miRNA Isolation kit from Ambion, Inc. Total RNA was
collected and stored at �80�C.

qRT–PCR assays

For qRT–PCR experiments, 50 ng of total RNA were
used with the TaqMan MicroRNA Reverse
Transcription kit to produce a cDNA product of each
miRNA. The reaction mix was incubated at 16�C for
30min, 42�C for 30min, and 85�C for 5min. The cDNA
product was used as the template for the real-time PCR
reaction, where specific primers and probes from the
TaqMan MicroRNA Assays (Ambion) were used to
quantify the expression of miRNAs. For the PCR, the
samples were incubated at 95�C for 10min, followed by
40 cycles of 95�C for 15 s, 60�C for 60 s.

RESULTS

Molecular beacons can distinguish mature miR-21 and
pre-miR-21

In living cells, miRNAs exist in two different forms
outside the cell nucleus: (i) a pre-miRNA of �–100 nt
that is folded into a hairpin with a long double-stranded
portion and (ii) a short mature miRNA of �20 nt that is

incorporated into the RISC complex and binds to target
mRNA. It is believed that only the mature form of
miRNA is active in targeting mRNA for degradation or
transcriptional repression. Therefore, it is desirable that
assays of miRNA expression are able to distinguish
between mature miRNA and pre-miRNA.

In this work, we designed molecular beacons that hy-
bridize to the mature miR-21 and pre-miR-21, respective-
ly; the molecular beacon that hybridizes to pre-miR-21 has
a hybridization sequence complementary to the loop
region of the hairpin and nearby region of the
pre-miRNA (Table 1 and Figure 1B). Because this loop
sequence is part of both pre-miR-21 and pri-miR-21, the
molecular beacon designed for pre-miR-21 detection could
potentially hybridize to pri-miR-21 as well.

We found that, at 37�C, molecular beacons targeting
the mature miR-21 (mature beacon) hybridized only to
the mature form of miR-21 at concentrations <50 nM.
Even at higher concentrations of pre-miR-21, the mature
beacon predominantly hybridized to the mature miR-21
so that the two populations of miR-21 could be readily
differentiated (Figure 2A and B).

To further demonstrate the specificity of the beacons for
mature versus pre-miRNA, beacons hybridizing to either
mature miR-21 or pre-miR-21 were incubated with mixed
solutions of mature miR-21 and pre-miR-21 (Figure 2C).
We found that the beacon designed to hybridize to mature
miR-21 produced a very low level of fluorescence signal
when incubated with solution containing only pre-miR-21
(of 200 nM concentration). However, this signal increased
linearly as the concentration of mature miR-21 in the
mixture was increased to 200 nM (Figure 2C).
Conversely, the fluorescence signal produced by the
beacon designed to hybridize to precursor miR-21
decreased linearly as the concentration of pre-miR-21 in
the mixture was decreased (Figure 2C). These data clearly
demonstrate that molecular beacons designed to bind to
different forms of miR-21 can distinguish mature miR-21
and pre-miR-21.

Molecular beacon specificity

To determine whether the molecular beacons designed for
targeting mature miR-21 are specific for this miRNA, we
incubated the mature miR-21 beacon with mature
miR-155 RNA. As shown in Figure 3A, the mature
miR-21 beacon hybridized only to mature miR-21, with
very low fluorescence signal from mature miR-155 RNA
of increasing concentration. Both conventional DNA
beacons and LNA beacons showed a similar specificity
(Figure 3B).

We assessed the ability of molecular beacons to detect
other specific miRNAs. DNA beacons complementary to
mature miR-24 or miR-27b were designed, synthesized
and assessed in hybridization assays. We found that fluor-
escence signal from the mature miR-24 beacons increased
linearly as the concentration of mature miR-24 increased.
There was negligible signal from the mature miR-24
beacons in the presence of the mature miR-27b sequence
(Figure 3C). Likewise, the mature miR-27b beacon
demonstrated a linear increase in signal when incubated
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with increasing concentrations of the mature miR-27b,
and this beacon did not emit signal when incubated with
mature miR-24 (Figure 3D). Interestingly, in humans,
these two miRNAs are located within the same intronic
sequence on chromosome 9. These results further
demonstrated the specificity of molecular beacons in de-
tecting miRNAs.

With proper design, molecular beacons have the poten-
tial to distinguish single base variations in target mRNA
sequence (33), although having a high enough (>5)
signal-to-background ratio in discriminating between
closely related RNA species is still a significant challenge.
To show the potential of molecular beacons in distinguish-
ing small variations in miRNA sequence, melting curve
experiments were performed with mutated mature
miR-21 or pre-miR-21. The mature miR-21 DNA
beacon hybridized to both the wild-type and mutant
mature miR-21, but the melting temperature of the
duplex formed by the mature beacon and mature
miR-21 decreased as the number of point mutations
increased (Figure 4A). In contrast, the mature miR-21

DNA beacon had a similar affinity for different mutants
of pre-miR-21 (Figure 4B) because the mutations did not
affect the beacon hybridization site. As expected, the
DNA beacon complementary to pre-miR-21 did not hy-
bridize to wild-type or mutant mature miR-21 (Figure
4C). The pre-miR-21 DNA beacon hybridized to
wild-type and mutated pre-miR-21; however, the
mutants of pre-miR-21 containing 3- or 5-point mutations
showed decreased melting temperatures for their duplexes
with the pre-miRNA beacon (Figure 4D). The melting
temperature of the duplex formed by the mutant
pre-miR-21 p1 (Table 2) and the pre-miR-21 DNA
beacon was not altered from that of the wild-type
pre-miRNA sequence and the precursor miR-21 DNA
beacon (Figure 4D). The lack of change in the melting
temperature between the wild-type pre-miRNA and the
p1 mutant may be due to the location of the mutation.
The single point mutation was located near the end of the
precursor beacon hybridization region where the beacon
may not have a strong interaction with the pre-miRNA.
However, the pre-miRNA beacon showed differences with

Figure 2. Hybridization of miR-21 molecular beacons to mature or precursor miR-21 RNA. The mature miR-21 DNA beacon (A, 200 nM) or
precursor miR-21 DNA beacon (B, 200 nM) was incubated with the indicated concentrations of mature miR-21 RNA or pre-miR-21 RNA (60min at
37�C). The relative fluorescence signal from each molecular beacon alone in PBS was used as a background measurement and subtracted from the
sample signal. (C) Mature or pre-miR-21 beacon hybridized to mixtures of mature RNA and pre-miR-21 (0–200 nM). Each data point represents
mean±SEM of three separate experiments.
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mutant targets containing point mutations in the middle
of the beacon hybridization site. These findings indicate
that the miRNA-targeting molecular beacons are specific,
and have the potential to distinguish miRNAs with close
sequence homology.
We further assessed the specificity of the mature

miR-27b beacon by determining its ability to hybridize
to miR-27b and miR-27a in a background of total RNA
extracted from endothelial cells (Figure 4E and F).
miR-27b and miR-27a are found in the same gene
cluster and differ by only one nucleotide (Table 2). In
this analysis, the temperatures at which miR-27b beacon
dissociated from miR27b were higher than those at which
it dissociated from miR-27a (Figure 4E, the low points of
each curve), suggesting that the miR-27b molecular
beacon has the potential to distinguish miR-27b from
miR-27a in a background of total RNA extract if the hy-
bridization assay was performed above the disassociation
temperature of miR-27a. Indeed, in hybridization assays
at 60�C where the miR-27b molecular beacon was
incubated with respectively miR-27b, miR-27a, or an
equal mixture of miR-27b and miR-27a at increasing

concentrations, the fluorescence signals obtained were es-
sentially due to its hybridization to miR-27b (Figure 4F).

The effect of molecular beacon backbone chemistry

Molecular beacons may be composed of DNA or RNA
backbones. It is well established that RNA/RNA
complexes have a higher affinity than DNA/RNA
complexes. In a previous study we confirmed that molecu-
lar beacons with RNA (20-O-methyl RNA) backbone have
a higher affinity for RNA than that of molecular beacons
with DNA backbone (34). In addition, there have been
reports illustrating enhanced affinity of LNA bases for
oligonucleotides in cells (35). Figure 5 shows the relative
fluorescence intensity of mature miR-21 molecular
beacons with different (DNA versus RNA versus LNA)
backbones in the presence of increasing concentrations of
mature miR-21. At mature miR-21 concentrations
>10 nM, the RNA beacon showed up to 1.7-fold higher
fluorescence intensity compared to that of the DNA or
DNA–LNA beacon, whereas the signal intensities from
DNA beacons and DNA–LNA beacons were similar.

Figure 3. Specific hybridization of mature miRNA molecular beacons. The mature miR-21 DNA molecular beacon (A, 200 nM) or the mature
miR-21 LNA molecular beacon (B, 200 nM) was incubated (37�C for 60min) with mature miR-21 RNA or mature miR-155 RNA. The mature
miR-24 DNA molecular beacon (C, 200 nM) or the mature miR-27b DNA molecular beacon (D, 200 nM) was incubated with the mature miR-24 or
mature miR-27b at 37�C for 60min. Each data point represents mean±SEM of three separate experiments.
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Figure 4. Analysis of the DNA molecular beacons binding to miR-21 mutants or closely related miRNA family members. Mature miR-21 mutants,
m1, m3 and m5, had 1-, 3-, or 5-point mutations in their sequences regions, respectively. The pre-miR-21 mutants, p1, p3 and p5, had 1-, 3-, or
5-point mutations in the hairpin loop region of the double-stranded structure, respectively. Molecular beacons (200 nM) were incubated with the
mature miR-21 or pre-miR-21 sequences (500 nM) for 3min at 95�C, cooled to 80�C, and then the temperature was lowered by 1�C/min. (A)
Fluorescence of mature miR-21 DNA molecular beacon with wild-type and mutant mature sequences. (B) Fluorescence of mature molecular beacon
incubated with wild-type and mutant pre-miR-21s. (C) Fluorescence of the pre-miR-21 DNA molecular beacon with wild-type and mutant mature
sequences. (D) Fluorescence of pre-miR-21 molecular beacon with wild-type and mutant pre-miR-21. The melting temperature for each molecular
beacon complex is shown as the steepest slope of the graph. Each melting curve is representative of three separate experiments. (E) Melting curves for
mature miR-27b DNA molecular beacon and mature miR-27b or mature miR-27a in the background of total cellular RNA. The mature miR-27b
molecular beacon (200 nM) was incubated with 0.5 mg total cellular RNA+500 nM miR-27a or 0.5 mg total cellular RNA+500 nM miR-27b. The
hybridization mixtures were heated to 95�C for 3min, cooled to 80�C, and then the temperature was decreased by 1�C per minute until the mixture
reached 25�C. Fluorescence values were recorded continuously from 80�C to 25�C. (F) Binding of the mature miR-27b molecular beacon to miR-27b
or miR-27a at 60�C. The mature miR-27b DNA molecular beacon (200 nM) was incubated with mature miR-27 a RNA (red line), mature miR-27b
RNA (blue line), or a 1:1 mixture of both (green line) at concentrations of 25 nM, 50 nM, and 100 nM. Each reaction was heated to 95�C for 3min
and cooled to 60�C. The fluorescence signal of each reaction was determined after a 10-min incubation at 60�C. Background fluorescence was
subtracted from each data point. Each data point represents mean±SEM of three separate experiments.
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At very low concentrations of mature miR-21 RNA,
from 0 to 10 nM, the mature miR-21 RNA beacon had
higher relative fluorescence intensity than the DNA or
DNA–LNA beacon (Figure 6A). In the presence of
pre-miR-21, the mature miR-21 RNA beacon also had a
higher fluorescence signal at most concentrations,
however the overall signal for each beacon was very low
and not much above background fluorescence (Figure
6B). Likewise, the pre-miR-21 beacons did not hybridize
to mature miR-21 (Figure 6C). However, the pre-miR-21
beacons hybridized to pre-miR-21 with a detectable fluor-
escence signal (Figure 6D). Interestingly, there was no sig-
nificant difference in hybridization of the pre-miR-21
RNA beacon compared to hybridization of the pre-miR-
21 DNA–LNA beacon or the pre-miR-21 DNA beacon,
although the DNA–LNA beacon gave increased signal
intensity compared to the other pre-miR-21 beacons.
This may be due to the more rigid backbone of the
DNA–LNA beacon and its ability to denature the
hairpin of the pre-miR-21.

Molecular beacon hybridization to miRNA in
heterogeneous RNA sample

To demonstrate that molecular beacons have the sensitiv-
ity and specificity to detect mature miRNA and pre-
miRNA in a heterogeneous RNA sample, we incubated
the mature miR-21 DNA beacon or the pre-miR-21 DNA
beacon with total RNA that had been isolated from
human umbilical vein endothelial cells (HUVECs) sub-
jected to unidirectional shear stress (15 dynes/cm2, 24 h)
or static conditions. We have previously shown by

qRT–PCR that miR-21 levels were increased in
HUVECs subjected to shear stress (36). Figure 7A
shows the fluorescence signals from hybridization assays
using the mature miR-21 DNA beacon. As the concentra-
tion of total RNA used in the assay was increased from 1
to 5 mg, there was an increase in fluorescence signal from
the mature miR-21 beacon. Furthermore, with the higher
concentrations of total RNA in the solution, a 2- to 3-fold
increase in beacon fluorescence was observed for RNA
from sheared cells compared to RNA from control cells.
These results indicate that the mature miR-21 molecular
beacon has the sensitivity and specificity required to detect
shear stress induced changes in miR-21 level in HUVECs.

We performed hybridization assays using the pre-miR-
21 DNA beacon with total RNA from HUVECs, and
observed an increase in signal as the amount of total
RNA was increased (Figure 7B). No fluorescence of the
beacon was detected with 1 mg of RNA, but the beacon did
fluoresce at higher concentrations of total RNA. In fact,
hybridization assays using total RNA from sheared cells
had increased fluorescence compared to those using
control RNA, suggesting that unidirectional shear stress
increased pre-miR-21 levels. This is a very novel finding
and is currently being investigated further.

qRT–PCR is the standard technique to assess miRNA
expression, therefore we compared this method with the
molecular beacon based method in their ability to assess
shear stress induced changes in miR-21, miR-24 and
miR-27b. As with miR-21, we have previously shown
that miR-24 and mir-27b are increased in HUVECs sub-
jected to unidirectional shear stress (36). Figure 8A shows
that, for all these three miRNAs, the relative increase in
miRNA expression induced by shear stress (3-fold for
miR-21, 1.7-fold for miR-21, 1.5-fold for miR-27b) was
similar using two different methods, qRT–PCR and mo-
lecular beacons (targeting mature miRNA). Figure 8B
depicts the correlation of the results obtained using
qRT–PCR and that using three molecular beacons
described in this study. Molecular beacons were able to
distinguish small fold changes in miRNA expression in the
background of total RNA, similar to that of PCR. These
findings support the validity of using the molecular beacon
based method to assess miRNA expression in cells and
tissues.

DISCUSSION

In this study, we demonstrated that molecular beacons
designed to detect a specific miRNA can effectively and
efficiently assess miRNA levels as well as distinguish
between mature miRNA and pre-miRNA species.
Therefore, molecular beacons have the potential to be
powerful tools for quantifying miRNA expression in bio-
logical specimens. Although most of this study was
focused on miR-21, we showed that molecular beacons
could be designed for other specific miRNAs as well.
These results may have significant implications for expres-
sion profiling of many miRNAs. Specifically, we were able
to show that the beacon-based method is effective for de-
tecting miRNAs with a range of GC content (miR-21,

Figure 5. Relative fluorescence intensity of mature miR-21 molecular
beacons with different backbone chemistries (DNA versus RNA versus
LNA) hybridized to mature miR-21 RNA. The different molecular
beacons (200 nM) were incubated with miR-21 in PBS at 37�C for
60min prior to recording the fluorescence intensity. For each experi-
ment, background fluorescence was subtracted from mature beacon
signal and each data point represents mean±SEM of three separate
experiments. *P< 0.005, RNA beacon versus LNA beacon.
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Figure 6. Differences in sensitivity among miR-21 beacons with varying backbone chemistries. Molecular beacons (200 nM) were incubated with
miR-21 RNA (0–10 nM) in PBS at 37�C for 60min prior to recording the fluorescence intensity. For each experiment, background fluorescence was
subtracted from beacon signal and each data point represents mean±SEM of three separate experiments. (A) The different mature miR-21
molecular beacons incubated with mature miR-21 RNA (0–10 nM), *P= 0.006 RNA beacon versus DNA beacon. (B) Mature miR-21 beacons
incubated with pre-miR-21 (1–10 nM).* P= 0.004, RNA beacon versus DNA beacon. (C) The precursor miR-21 molecular beacons incubated with
mature miR-21. (D) Precursor miR-21 molecular beacons incubated with pre- miR-21.

Figure 7. The use of molecular beacons to assess miR-21 expression in RNA isolated from HUVECs. Total RNA was extracted from HUVECs
subjected to static conditions or 24 h of unidirectional shear (15 dynes/cm2). (A) Molecular beacon hybridization assay was performed using the
mature miR-21 DNA beacon (200 nM) and different amounts of HUVEC total RNA. *P< 0.05 sheared cells versus static cells. (B) hybridization
assay performed using pre-miR-21DNA beacon (200 nM) and different amounts of HUVEC total RNA. *P< 0.05, sheared versus static cells. For each
experiment, background fluorescence was subtracted from beacon signal and each data point represents mean±SEM of three separate experiments.
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36%; miR-24, 54.5%; miR-27b, 47.6%). This is important
since beacon-miRNA hybridization affinity is enhanced
with increased GC content.

When designing molecular beacons to detect specific
messenger RNAs, a BLAST analysis is typically used to
identify multiple sequences within the target transcript
that are both unique and capable of hybridizing to a com-
plementary probe sequence with high affinity. However,
for molecular beacons designed to detect mature miRNAs,
there is little flexibility in choosing the hybridization
sequence of the beacon, since the length of miRNAs
(21–25 nt) is similar to the probe length of a typical
beacon. Furthermore, the melting temperature of the
beacon-miRNA duplex is largely determined by the GC
content of the miRNA, which ranges from 35% to 55%
for most widely expressed miRNAs. These features of
miRNA require that molecular beacon design be
optimized for each mature miRNA and pre-miRNA.

The molecular beacons designed in this study have a
stem length of 6 nt, and in the case of the mature
miR-21 beacon, the first base of the stem was shared
with the beacon loop hybridization sequence. We found
that a stem length of 5–6 nt and beacon melting tempera-
ture of 55–65�C were optimal for beacon hybridization,
and we expect that, in general, stem lengths for molecular
beacons that bind to miRNAs could be 4–7 nt (24).
Despite the limited ability to modify the melting tempera-
tures of the beacon-miRNA duplex, the three
miR-21-targeting molecular beacons with DNA, RNA
and DNA–LNA backbones respectively, were sensitive
and specific, as demonstrated by the ability to detect low
levels of miR-21 (1 nM) and distinguish miRNAs with
slight variations in nucleotide sequence.

Most miRNAs identified thus far belong to families that
have miRNA sequences differing by <3 nt. Although
miRNA family members may have the same or similar
mRNA targets and miRNAs derived from a single
pri-miRNA may be similarly regulated, studies have
shown that this is not always the case (37,38). Thus,
accurate profiling of miRNA expression levels requires a
method that can distinguish individual members of a
miRNA family. Currently, the most common assay for
profiling miRNA expression levels involves microarray
analysis. However, microarrays frequently have
cross-hybridization problems in which the probes cannot
distinguish miRNAs that differ by only a few nucleotides
(38). Molecular beacons can be designed to hybridize to
specific miRNAs that have some homology (e.g. in the
same family), although cross-hybridization is still an
issue. However, as we show for miR-27a/27b, molecular
beacons can hybridize to different miRNAs in the same
family with high specificity when the optimal hybridiza-
tion temperatures are used. Molecular beacons also have

Figure 8. Comparison of qRT–PCR with molecular beacons in assess-
ing miRNA levels. (A) Mature miRNA levels in total RNA extracted
from static and sheared (15 dynes/cm2) HUVECs. For each qRT–PCR
reaction, 0.05 mg of RNA was used and PCR was performed using
TaqMan miRNA probes. Molecular beacon hybridization assays were
performed with 200 nM beacon and 1 mg of total RNA. For each ex-
periment, background fluorescence was subtracted from beacon signal
and each data point represents mean±SEM of three separate experi-
ments. (B) Scatter plot of miRNA expression levels from qRT–PCR
versus that of molecular beacon hybridization assays in total RNA
from HUVECs. For each qRT–PCR reaction, 10–50 ng of RNA was
used for the RT reaction and PCR was performed using TaqMan
miRNA probes against miR-21, miR-24 and miR-27b. The PCR
results were normalized to RNU48 expression levels. Molecular
beacon hybridization assays were performed with 200 nM beacon and
50 ng of total RNA with 1–5 nM mature miRNA. For each experiment,
background fluorescence was subtracted from beacon signal and each
data point represents mean of three separate experiments. A Pearson’s

Figure 8. Continued
coefficient was calculated for each miRNA by comparing the PCR fold
change values to y= x, the MB fold change values to y= x, and
the PCR fold change values to the molecular beacon fold change
values. P-values also were calculated for each data set comparison.
MB=molecular beacon.

e13 Nucleic Acids Research, 2012, Vol. 40, No. 2 PAGE 10 OF 12



the potential as a useful tool to study single nucleotide
polymorphisms (SNPs) in miRNA precursors by distin-
guishing single point mutations in pri-miRNA or the
pre-miRNA forms. It has been shown that the presence
of SNPs may have important pathophysiologic conse-
quences because they affect miRNA processing or hybrid-
ization of mature miRNAs to target mRNA (39–41).
However, in this case, molecular beacons have to be care-
fully designed and the hybridization temperatures
optimized.

Molecular beacons have been used successfully to detect
and quantify mRNA in living cells (42). However, it
remains a challenge to use these probes to assess
miRNA levels in living cells due to low abundance (typic-
ally <5 nM). Although for fixed cells this difficulty could
be overcome by using a signal amplification method (43),
the current design of molecular beacons with organic
fluorophores suffers from low signal-to-background
ratio, and imaging miRNA in living cells is currently not
possible (data not shown). This limitation may be
mitigated through the use of advanced fluorophores such
as quantum dots (44), or an amplification strategy.

The most important features of the molecular beacon
based method are: (i) it can be used to assess relative levels
of mature miRNA and pre-miRNA in total RNAs ex-
tracted from cells or tissue; (ii) it can detect multiple
miRNAs in the same sample, as demonstrated in this
study; and (iii) once beacon design is optimized, the as-
sessment of miRNA levels can be performed in 20–30min.
Clearly, in the current design, the amount of RNA needed
for sensitive miRNA detection using molecular beacons is
much higher than that for a PCR assay; however, molecu-
lar beacons have the potential to assess the expression of
multiple miRNAs in a single sample. It is also quite
feasible to perform a hybridization assay with mature
and pre-miRNA molecular beacons that have
fluorophores with non-overlapping spectra and determine
the relative levels of these two forms of miRNA in the
same RNA sample. Therefore, molecular beacon based
miRNA detection may offer a hybridization assay
format that is sensitive, specific, fast, easy to multiplex,
and capable of distinguishing mature and pre-miRNAs.

FUNDING

National Heart Lung and Blood Institute of the National
Institutes of Health as a Program of Excellence in
Nanotechnology (HHSN268201000043C to G.B.); a VA
Merit Review Award (I01 BX000704 to C.D.S.). Funding
for open access charge: National Institutes of Health.

Conflict of interest statement. None declared.

REFERENCES

1. Krutzfeldt,J., Poy,M.N. and Stoffel,M. (2006) Strategies to
determine the biological function of microRNAs. Nat. Genet.,
38(Suppl), S14–S19.

2. Kozomara,A. and Griffiths-Jones,S. (2011) miRBase: integrating
microRNA annotation and deep-sequencing data. Nucleic
Acids Res., 39, D152–D157.

3. Bernstein,E., Kim,S.Y., Carmell,M.A., Murchison,E.P., Alcorn,H.,
Li,M.Z., Mills,A.A., Elledge,S.J., Anderson,K.V. and
Hannon,G.J. (2003) Dicer is essential for mouse development.
Nat. Genet., 35, 215–217.

4. Chen,J.F., Mandel,E.M., Thomson,J.M., Wu,Q., Callis,T.E.,
Hammond,S.M., Conlon,F.L. and Wang,D.Z. (2006) The role of
microRNA-1 and microRNA-133 in skeletal muscle proliferation
and differentiation. Nat. Genet., 38, 228–233.

5. Esquela-Kerscher,A. and Slack,F.J. (2006) Oncomirs -
microRNAs with a role in cancer. Nat. Rev. Cancer, 6, 259–269.

6. Fish,J.E., Santoro,M.M., Morton,S.U., Yu,S., Yeh,R.F.,
Wythe,J.D., Ivey,K.N., Bruneau,B.G., Stainier,D.Y. and
Srivastava,D. (2008) miR-126 regulates angiogenic signaling and
vascular integrity. Dev. Cell, 15, 272–284.

7. Wang,S., Aurora,A.B., Johnson,B.A., Qi,X., McAnally,J.,
Hill,J.A., Richardson,J.A., Bassel-Duby,R. and Olson,E.N. (2008)
The endothelial-specific microRNA miR-126 governs vascular
integrity and angiogenesis. Dev. Cell, 15, 261–271.

8. Chen,J.F., Murchison,E.P., Tang,R., Callis,T.E., Tatsuguchi,M.,
Deng,Z., Rojas,M., Hammond,S.M., Schneider,M.D.,
Selzman,C.H. et al. (2008) Targeted deletion of Dicer in the heart
leads to dilated cardiomyopathy and heart failure.
Proc. Natl Acad. Sci. USA, 105, 2111–2116.

9. Cheng,Y., Ji,R., Yue,J., Yang,J., Liu,X., Chen,H., Dean,D.B. and
Zhang,C. (2007) MicroRNAs are aberrantly expressed in
hypertrophic heart: do they play a role in cardiac hypertrophy?
Am. J. Pathol., 170, 1831–1840.

10. van Rooij,E., Sutherland,L.B., Liu,N., Williams,A.H.,
McAnally,J., Gerard,R.D., Richardson,J.A. and Olson,E.N.
(2006) A signature pattern of stress-responsive microRNAs that
can evoke cardiac hypertrophy and heart failure. Proc. Natl Acad.
Sci. USA, 103, 18255–18260.

11. Chang,T.C. and Mendell,J.T. (2007) microRNAs in vertebrate
physiology and human disease. Annu. Rev. Genomics Hum. Genet.,
8, 215–239.

12. He,L., Thomson,J.M., Hemann,M.T., Hernando-Monge,E.,
Mu,D., Goodson,S., Powers,S., Cordon-Cardo,C., Lowe,S.W.,
Hannon,G.J. et al. (2005) A microRNA polycistron as a potential
human oncogene. Nature, 435, 828–833.

13. Volinia,S., Calin,G.A., Liu,C.G., Ambs,S., Cimmino,A.,
Petrocca,F., Visone,R., Iorio,M., Roldo,C., Ferracin,M. et al.
(2006) A microRNA expression signature of human solid tumors
defines cancer gene targets. Proc. Natl Acad. Sci. USA, 103,
2257–2261.

14. Ambros,V., Lee,R.C., Lavanway,A., Williams,P.T. and Jewell,D.
(2003) MicroRNAs and other tiny endogenous RNAs in C.
elegans. Curr. Biol., 13, 807–818.

15. Davis,B.N., Hilyard,A.C., Lagna,G. and Hata,A. (2008) SMAD
proteins control DROSHA-mediated microRNA maturation.
Nature, 454, 56–61.

16. Kawahara,Y., Zinshteyn,B., Chendrimada,T.P., Shiekhattar,R.
and Nishikura,K. (2007) RNA editing of the microRNA-151
precursor blocks cleavage by the Dicer-TRBP complex.
EMBO Rep., 8, 763–769.

17. Kefas,B., Godlewski,J., Comeau,L., Li,Y., Abounader,R.,
Hawkinson,M., Lee,J., Fine,H., Chiocca,E.A., Lawler,S. et al.
(2008) microRNA-7 inhibits the epidermal growth factor receptor
and the Akt pathway and is down-regulated in glioblastoma.
Cancer Res., 68, 3566–3572.

18. Lee,E.J., Baek,M., Gusev,Y., Brackett,D.J., Nuovo,G.J. and
Schmittgen,T.D. (2008) Systematic evaluation of microRNA
processing patterns in tissues, cell lines, and tumors. RNA, 14,
35–42.

19. Michael,M.Z., SM,O.C., van Holst Pellekaan,N.G., Young,G.P.
and James,R.J. (2003) Reduced accumulation of specific
microRNAs in colorectal neoplasia. Mol. Cancer Res., 1, 882–891.

20. Tang,G.Q. and Maxwell,E.S. (2008) Xenopus microRNA genes
are predominantly located within introns and are differentially
expressed in adult frog tissues via post-transcriptional regulation.
Genome Res., 18, 104–112.

21. Thomson,J.M., Newman,M., Parker,J.S., Morin-Kensicki,E.M.,
Wright,T. and Hammond,S.M. (2006) Extensive
post-transcriptional regulation of microRNAs and its implications
for cancer. Genes Dev., 20, 2202–2207.

PAGE 11 OF 12 Nucleic Acids Research, 2012, Vol. 40, No. 2 e13



22. Viswanathan,S.R., Daley,G.Q. and Gregory,R.I. (2008) Selective
blockade of microRNA processing by Lin28. Science, 320,
97–100.

23. Wulczyn,F.G., Smirnova,L., Rybak,A., Brandt,C., Kwidzinski,E.,
Ninnemann,O., Strehle,M., Seiler,A., Schumacher,S. and
Nitsch,R. (2007) Post-transcriptional regulation of the let-7
microRNA during neural cell specification. FASEB J., 21,
415–426.

24. Bao,G., Rhee,W.J. and Tsourkas,A. (2009) Fluorescent probes for
live-cell RNA detection. Annu. Rev. Biomed. Eng., 11, 25–47.

25. Tyagi,S. and Kramer,F.R. (1996) Molecular beacons: probes that
fluoresce upon hybridization. Nat. Biotechnol., 14, 303–308.

26. Santangelo,P., Nitin,N. and Bao,G. (2006) Nanostructured
probes for RNA detection in living cells. Ann. Biomed. Eng., 34,
39–50.

27. Wang,Y. and Lee,C.G. (2009) MicroRNA and cancer–focus on
apoptosis. J. Cell. Mol. Med., 13, 12–23.

28. Kuehbacher,A., Urbich,C., Zeiher,A.M. and Dimmeler,S. (2007)
Role of Dicer and Drosha for endothelial microRNA expression
and angiogenesis. Circulation Res., 101, 59–68.

29. Suarez,Y., Fernandez-Hernando,C., Pober,J.S. and Sessa,W.C.
(2007) Dicer dependent microRNAs regulate gene expression and
functions in human endothelial cells. Circulation Res., 100,
1164–1173.

30. Lin,Y., Liu,X., Cheng,Y., Yang,J., Huo,Y. and Zhang,C. (2009)
Involvement of microRNAs in hydrogen peroxide-mediated gene
regulation and cellular injury response in vascular smooth muscle
cells. J. Biol. Chem., 284, 7903–7913.

31. Cheng,Y., Liu,X., Zhang,S., Lin,Y., Yang,J. and Zhang,C. (2009)
MicroRNA-21 protects against the H(2)O(2)-induced injury on
cardiac myocytes via its target gene PDCD4. J. Mol. Cell.
Cardiol., 47, 5–14.

32. Zuker,M. (2003) Mfold web server for nucleic acid folding and
hybridization prediction. Nucleic Acids Res., 31, 3406–3415.

33. Bonnet,G., Tyagi,S., Libchaber,A. and Kramer,F.R. (1999)
Thermodynamic basis of the enhanced specificity of structured
DNA probes. Proc. Natl Acad. Sci. USA, 96, 6171–6176.

34. Tsourkas,A., Behlke,M.A. and Bao,G. (2003) Hybridization of
2’-O-methyl and 2’-deoxy molecular beacons to RNA and DNA
targets. Nucleic Acids Res., 31, 5168–5174.

35. Vester,B. and Wengel,J. (2004) LNA (locked nucleic acid):
high-affinity targeting of complementary RNA and DNA.
Biochemistry, 43, 13233–13241.

36. Weber,M., Baker,M.B., Moore,J.P. and Searles,C.D. (2010)
MiR-21 is induced in endothelial cells by shear stress and
modulates apoptosis and eNOS activity. Biochem. Biophys. Res.
Commun., 393, 643–648.

37. Guil,S. and Caceres,J.F. (2007) The multifunctional RNA-binding
protein hnRNP A1 is required for processing of miR-18a. Nat.
Struct. Mol. Biol., 14, 591–596.

38. Lu,J., Getz,G., Miska,E.A., Alvarez-Saavedra,E., Lamb,J.,
Peck,D., Sweet-Cordero,A., Ebert,B.L., Mak,R.H., Ferrando,A.A.
et al. (2005) MicroRNA expression profiles classify human
cancers. Nature, 435, 834–838.

39. Calin,G.A., Ferracin,M., Cimmino,A., Di Leva,G., Shimizu,M.,
Wojcik,S.E., Iorio,M.V., Visone,R., Sever,N.I., Fabbri,M. et al.
(2005) A MicroRNA signature associated with prognosis and
progression in chronic lymphocytic leukemia. N. Engl. J. Med.,
353, 1793–1801.

40. Duan,R., Pak,C. and Jin,P. (2007) Single nucleotide
polymorphism associated with mature miR-125a alters the
processing of pri-miRNA. Hum. Mol. Genet., 16, 1124–1131.

41. Iwai,N. and Naraba,H. (2005) Polymorphisms in human
pre-miRNAs. Biochem. Biophys. Res. Commun., 331, 1439–1444.

42. Jones,R., Baker,M.B., Weber,M., Harrison,D.G., Bao,G. and
Searles,C.D. (2009) Molecular beacons can assess changes in
expression and 3’-polyadenylation of human eNOS mRNA.
Am. J. Physiol. Cell Physiol., 296, C498–C504.

43. Lu,J. and Tsourkas,A. (2009) Imaging individual microRNAs
in single mammalian cells in situ. Nucleic Acids Res.,
37, e1000.

44. Paiboonskuwong,K. and Kato,Y. (2006) Detection of the mature,
but not precursor, RNA using a fluorescent DNA probe.
Nucleic Acids Symp. Ser., 327–328.

e13 Nucleic Acids Research, 2012, Vol. 40, No. 2 PAGE 12 OF 12


