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Rolling-Circle Amplification: Unshared Advantages in
miRNA Detection
Saskia Neubacher and Christoph Arenz*[a]

Micro RNAs (miRNA) are short regulatory
RNA molecules of 21 nucleotides (nt) in
length. In recent years, data on down-
stream effects of miRNA post-transcrip-
tional gene regulation has been vastly
accumulating. It has been shown that
miRNAs play an important role in cell
regulation, differentiation and disease
formation.[1] Comparative miRNA profil-
ing has revealed several miRNAs as po-
tential drug targets and intensive work is
currently being invested in drug
design.[2] In order to promote further
mechanistic studies and future diagnos-
tic applications reliable quantification of
specific miRNA from total cellular RNA is
essential. Because miRNAs are of excep-
tionally short length, have very similar
nucleotide sequences and often have
very low expression levels, they set new
demands on current miRNA profiling
techniques.[3] Recently in Angewandte
Chemie, Cheng et al. presented a new
facile method for specific and sensitive
miRNA quantification.[4] Undoubtedly,
this novel tool will significantly contrib-
ute to future advances in research to-
wards miRNA mechanism of action, its
biological role and applications in clinical
diagnostics.

Many details of the miRNA mechanism
of action are still subject to intensive in-
vestigation. miRNAs are transcribed from
miRNA genes as long primary miRNAs
(pri-miRNAs) that undergo several matu-
ration steps. In the cell nucleus pri-
miRNAs are processed by the RNase III
enzyme Drosha to approximately 75 nt
hairpin precursor miRNAs (pre-miRNAs).
After transportation into the cytoplasm
by exportin-5 the hairpin is nucleolytical-

ly cleaved to approximately 22 nt long
miRNA duplexes. Of this duplex the
mature leading miRNA is recruited to the
RNA-induced silencing complex (RISC),
which then sequence specifically binds
to its target mRNA. This leads to either
translational repression, mRNA degrada-
tion or in some cases translational activa-
tion.[5] Until very recently, mRNA degra-
dation was thought to be reserved only
to fully complementary miRNA. However,
the decay of mRNA has now advanced
to the most probable general mecha-
nism for gene down-regulation through
miRNAs.[6] Another recent finding rein-
vents the role of the passenger strand
(miRNA*). While in the past only the
mature leading miRNA was known to be
functionally active, several studies have
shown that also the passenger miRNA*
exhibits function at low but significant
levels, and has target sequences within
the 3’ untranslated region (3’UTR) of
mRNA.[7] This not only hints at the com-
plexity of this regulatory machinery, but
at the same time demonstrates the cru-
cial need for improved sensitivity in
miRNA detection methods.

The biological role of miRNAs is not
yet fully understood. So far the number
of known human mature miRNAs has in-
creased to 695 with an estimate of
about another 300 to be discovered.[8, 9]

It is believed that miRNAs regulate 30 %
of the human genome.[10] Expression
levels of specific miRNAs can range from
a few to several thousand copies per cell
depending on cell type and develop-
mental stage.[5] It is known that several
miRNAs function as regulators of cell de-
velopment, proliferation, metabolism
and apoptosis. The comparison of
miRNA profiles is not only used to unrav-
el new regulatory functions, but is also a
means to identify the roles of specific
miRNAs in dysfunctional cells.

Many human diseases strongly corre-
late with altered miRNA expression
levels ; this suggests that miRNA quantifi-
cation is necessary for a wide range of
applications in clinical diagnostics. With
the advancement of miRNA microarray
profiling technology expression levels of
several hundred miRNAs could be com-
pared between normal and affected
cells, and potential disease specific, regu-
lating miRNAs identified. For this pur-
pose, a number of clinical trials are on-
going or are recruiting patient sam-
ples.[11]

The need for mutation-specific miRNA
profiling methods is emphasized by a
recent biochemical study. Heterozygous
individuals of a single nucleotide poly-
morphism in the precursor miR-146a dis-
play a greater risk of papillary thyroid
carcinoma (PTC). Considering that pas-
senger strand miRNAs* can exhibit regu-
latory functions, only heterozygous indi-
viduals produce three different mature
miRNAs: the leading mir-146a and the
passengers mir-146a*G and mir-146*C.
Thus, these individuals regulate a greater
pool of genes than homozygotes for
either GG or CC. Having shown that
these genes regulate biological process-
es, which are involved in tumorigenesis,
the authors proposed a possible cause
for the predisposition of heterozygotes
to PTC.[12]

Current miRNA detection methods are
often laborious, time-consuming and in-
tricate.[3] Northern blotting remains the
standard method but like single-mole-
cule fluorescence or surface plasmon res-
onance methods, it is unsuitable for
high-throughput (HT) formats. However,
in HT applications, such as quantitative
real-time PCR or microarrays, it is a chal-
lenge to remain specific and sensitive,
since miRNAs constitute a very small per-
centage of total cellular RNA and cover a
range of four magnitudes of copies per
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cell. Therefore, size purification of cellular
RNA is inevitable and in cases in which
expression levels are low, normally PCR
amplification is necessary prior to quanti-
tative detection. However, the short
length of miRNAs even makes standard
applications, such as PCR, demanding.
Since the melting temperatures (Tm) of
different miRNAs can vary within 30 8C,
they must be normalized by shortening
miRNA probes or primers.[13] Unfortu-
nately, this leads to decreased specificity,
which cannot be tolerated since miRNAs
of the same family often only differ by a
single nucleotide. LNA/DNA probes are
now being employed in all methods in-
volving hybridization to antagonize this
trend.[13]

In their recent publication, Cheng
et al. describe the highly sensitive and
specific quantitative detection of
miRNAs using rolling circle amplification
(RCA).[4] RCA is well established for the
specific and sensitive detection of short
nucleotide sequences and was first ap-
plied to miRNAs by Jonstrup et al.[14] This
technique employs the analyte miRNA as
a primer for DNA polymerase driven am-
plification of a circular DNA. The two
ends of a linear DNA—a so-called pad-
lock probe—are designed to have adja-
cent complementary sequences on a tar-

geted miRNA. In the presence of a hy-
bridizing miRNA, the 3’-OH and 5’-PO4

ends of the DNA probe sequence specifi-
cally come within close vicinity of each
other and are normally ligated with T4
DNA ligase; this gives rise to circular
DNA (Figure 1 A). The miRNA can now
serve as a primer in an isothermal poly-
merase reaction with phi29 DNA poly-
merase and lead to linear amplification
of the padlock probe, which can be de-
tected by using gel electrophoresis (Fig-
ure 1 B). Cheng et al. were able to signifi-
cantly improve both specificity and sen-
sitivity with minimal but efficient tools.
Their key to greater specificity was the
usage of a different ligase and tempera-
ture optimization of the ligation reac-
tion. Whereas T4 DNA ligase has been
reported to merge single stranded 3’-OH
and 5’-PO4 ends even in the absence of
a template, which results in high back-
ground reactions or even false positive
RCA,[15] T4 RNA ligase 2 (RnL2) is strictly
dependent on duplex RNA or RNA–DNA
hybrids. In addition, this enzyme is very
sensitive towards 1 nt gaps and flaps,
which establishes ideal prerequisites for
miRNA-dependent RCA.[16] Although
RnL2 has optimal activity at 37 8C, in-
crease in temperature towards the Tm of
the specific miRNA led to further en-

hancement of specificity. Regarding sen-
sitivity, Cheng et al. again applied two
simple, but effective modifications. In-
stead of performing linear amplification,
they decided to introduce a second
primer; this resulted in exponential
“branched” amplification of the padlock
probe (Figure 1 C).[17] Quantification was
achieved by using homogeneous detec-
tion with SYBR-Green, which circumvent-
ed time-consuming gel electrophoresis.
In order to demonstrate the power of
their method, the authors set up a realis-
tic case study with the biologically rele-
vant let-7 miRNA family, which regulate
three major oncogenes RAS, MYC and
HMGA2. Very low expression levels of
let-7 could be correlated to patients with
advanced lung cancers, which makes let-
7 a potential diagnostic marker.[18] Cheng
et al. chose three miRNAs of the let-7
family bearing perfect complementarity,
one- or two-nucleotide mismatches to
the padlock probe. In terms of specificity
they could achieve sevenfold discrimina-
tion between full complementarity and
1 nt mismatch, located 3 nt from the li-
gation site. A linear dependence be-
tween probe quantity and fluorescence
intensity was established in the range of
0.025 to 1 pm, though the detection
limit is reportedly about 10 fm. Cheng
et al. present a simple and robust
method for miRNA quantification with
state-of-the-art specificity and sensitivity.
This straightforward and low-tech
method completely relies on commer-
cially available chemicals and enzymes,
and is not dependent on sophisticated
equipment. Thus, it can be expected
that this method will quickly find broad
application in many laboratories in-
volved in miRNA research.

Although in principle this method
allows extension to multiplex miRNA
analysis, as with its competitors, it will
have similar challenges with specificity in
coherence with Tm values of different
miRNAs. However, it can be expected
that RnL2 will at least to some extent
prevent ligation on erroneously hybrid-
ized templates. Furthermore, in some
cases it can be assumed that pre-
miRNAs could also give rise to DNA poly-
merization; this would make prior size-
purification of total cellular RNA essen-
tial.

Figure 1. A) Specific miRNA-templated ligation of the linear padlock probe with RNA ligase 2. B) Phi29
DNA polymerase uses hybridized miRNA as primer. C) Isothermal displacing polymerization with circular
padlock probe as template. Secondary primers act as branching points for exponential synthesis of
DNA.
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The inherent nature of miRNAs makes
quantitative detection and profiling
methods complex, but they exhibit vital
postregulatory functions in the cell. Dys-
regulation of miRNA function is a cause
and indicator for disease and disease
progression. Determination of miRNA ex-
pression levels could allow the diagnosis
of complex diseases, such as breast
cancer, Parkinson’s, and Alzheimer’s, in
their early asymptomatic stages. Espe-
cially the diagnosis of cancers and as-
signment of cells to a primary tumor or
to metastases is often time-consuming
and error-prone. Indeed, metastatic
cancer of unknown primary site (CUP) is
one of the ten most frequent cancer di-
agnoses in humans.[19] In an early but im-
pressive study, it could be shown that a
set of 217 miRNA expression levels al-
lowed a correct classification (12 out of
17 cases) of poorly differentiated
tumors.[20] Interestingly, a set of 16 000
mRNA expression levels could only cor-
rectly assign one out of 17 tumors that
could not be analyzed with standard his-
topathology methods. A rapid and relia-
ble diagnosis, however, is indispensable
for the treatment of human disease. Roll-
ing circle amplification as performed by
Cheng et al. represents a benchmark for

simple, specific and sensitive quantifica-
tion of miRNAs, and might play an im-
portant role in the future progress of
this fascinating field of research.
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