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ABSTRACT

We improved the target RNA-primed RCA technique for direct detection and analysis of RNA in vitro and in situ. Previously we
showed that the 39 / 59 single-stranded RNA exonucleolytic activity of Phi29 DNA polymerase converts the target RNA into a
primer and uses it for RCA initiation. However, in some cases, the single-stranded RNA exoribonucleolytic activity of the
polymerase is hindered by strong double-stranded structures at the 39-end of target RNAs. We demonstrate that in such
hampered cases, the double-stranded RNA-specific Escherichia coli RNase III efficiently assists Phi29 DNA polymerase in
converting the target RNA into a primer. These observations extend the target RNA-primed RCA possibilities to test RNA
sequences distanced far from the 39-end and customize this technique for the inner RNA sequence analysis.
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INTRODUCTION

Padlock probes and rolling circle amplification are widely
used for single or multiparallel analysis of different macro-
molecules and their complexes. Usually the padlock probes
for RCA are created by circularization of DNA oligonucle-
otides on complementary DNA targets (Nilsson et al. 1997;
Baner et al. 1998; Lizardi et al. 1998). The proximity ligation
and template formation for following RCA were also suc-
cessfully applied for protein detection (Soderberg et al. 2006;
Jarvius et al. 2007; Ericsson et al. 2008). The RCA has been
shown as a useful method not only for the characterization of
isolated or preformed targets in vitro, but also for the
detection and analysis of single DNA, RNA, and protein

molecules in situ (Christian et al. 2001; Larsson et al. 2004;
Soderberg et al. 2006; Jarvius et al. 2007).

Literature data indicate that T4 DNA and RNA ligases can
catalyze the ligation of nicked DNA involved in comple-
mentary double-stranded DNA–RNA structures (Nilsson
et al. 2000, 2001; Christian et al. 2001). Such DNA padlock
probes ligated on RNA targets were successfully used with
additional DNA primers to initiate RCA in detection of
mRNA expression levels in individual cells (Christian et al.
2001).

Direct detection of RNA molecules by RCA, using target
RNA as a primer for RCA, were previously described for
microRNA (Jonstrup et al. 2006). The method was up-
graded using Turtle Probe (TP) formation on ribosomal
RNA or nonpolyadenylated messenger RNA, and it was
successfully applied in situ (Stougaard et al. 2007). Other
variants of target RNA-primed RCA techniques, coupled
with fluorescence quantification or combined with capillary
electrophoresis, were used in qualitative and quantitative
examination of microRNAs (Cheng et al. 2009; Li et al.
2009). However, since the target RNA–DNA probe du-
plexes described in these publications are perfectly matched
at the 39-end of RNA targets, this method is limited to
detection of only target sequences located at the end of the
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RNA template. In certain cases, this limitation is absolute,
for example, in the detection of eukaryotic messenger RNA
molecules, which have poly(A) sequences at the 39-end
(Mijatovic et al. 2000), so individual transcripts cannot be
tested. The method is also not suitable for the analysis of
inner RNA sequence peculiarities, for example, RNA
spliced variants.

The observation that Phi29 DNA polymerase exhibits
a 39 / 59 single-stranded RNA-specific exonucleolytic
activity allowed us to use the enzyme for the conversion of
target RNA into a primer for RCA (Lagunavicius et al.
2008). Later, the exoribonucleolytic activity of Phi29 DNA
polymerase was successfully applied in vitro and in situ for
direct detection and analysis of RNA molecules with the
padlock probes complementary for target-RNA inner
sequences located close to their 39-ends and without ad-
ditional DNA primers required (Lagunavicius et al. 2009).
However, the conversion of target RNA into a primer was
hindered when padlock probe hybridized to RNA sequence
distanced far from the 39-end of target molecule. In this
case, the double-stranded RNA structures present in the
39-end of the RNA target interfered with the single-
stranded 39 / 59 RNA exonucleolytic activity of Phi29
DNA polymerase. In this report, we demonstrate that in
such unproductive cases, the double-stranded RNA-specific
Escherichia coli RNase III can efficiently assist Phi29 DNA
polymerase in target-RNA conversion into a primer for
RCA. These observations extend the
target-RNA-primed RCA possibilities to
test RNA sequences distanced far from
the 39-end and customize this technique
for the inner RNA sequence analysis.

RESULTS AND DISCUSSION

Previously we demonstrated that the
39 / 59 exoribonucleolytic activity of
Phi29 DNA polymerase can be used
to convert target RNA into a primer
prior to switching to polymerization
mode and proceeding into RCA
(Lagunavicius et al. 2008).

The impact of double-stranded
RNA-specific E. coli RNase III
on the target-RNA conversion
into a primer

However, in some RNA–padlock probe
hybrids, such as in experiments testing
the RNA2–PP1 hybrid formed close to
the 59-end of RNA (Fig. 1A, panel 1),
neither RNA hydrolysis products nor
a specific RCA product were obtained
at standard reaction conditions using

Phi29 DNA polymerase. Since the duplex formation between
the 59-labeled target RNA2 and preformed circular padlock
probe PP1 was verified by electrophoretic mobility shift
assay (data not shown), we presumed that the absence of
RCA products, most likely, is related to the presence of RNA
secondary structures hindering the activity of Phi29 DNA
polymerase. The bioinformatics analysis of RNA2 sequence
on the DINAMelt Server (Markham and Zuker 2005, 2008;
http://frontend.bioinfo.rpi.edu/applications/hybrid/quik-
fold.php) predicted that RNA2 molecule complexed by
probe PP1 can form a strong RNA secondary structure at
the 39-end of the region located downstream from the
hybridization area (DG = �20 kcal/mol), which could
interfere with a single-stranded exoribonuclease activity of
Phi29 DNA polymerase.

Strong RNA secondary structures could be attenuated
using DNA probes, which hybridize closer to the 39-end of
target RNA. Indeed, when the RNA2 target was complexed
with another DNA molecule, probe PP2, the hybridization
region of which was shifted toward the 39-end by 10
nucleotides (nt), bioinformatics tools predicted a secondary
structure in the 39-end of RNA2 (DG = �12 kcal/mol) to be
1.7-fold weaker than the RNA structure predicted in the
RNA2–PP1 complex (see above). Experimental data sup-
ported this prediction, because, contrary to the RNA2 target
in the RNA2–PP1 hybrid (Fig. 1A, panel 1), RNA2 hybrid-
ized to preformed circular padlock probe PP2 was partly

FIGURE 1. Target RNA conversion into a primer for RCA, the impact of E. coli RNase III.
The reactions were carried out under the conditions described in Materials and Methods. The
59-end-labeled (A) RNA2-PP1 (panel 1), (B) RNA2-PP2 (panel 1), and RNA1-PP1 (panel 2)
hybrids were incubated with Phi29 DNA polymerase in the absence or presence of dNTP. (A,
panel 2) The experiments with E. coli RNase III were performed using RNA2-PP1 duplex. The
RNA degradation and RCA products were analyzed by electrophoresis through denaturing 8%
polyacrylamide gels. Different RNA-PP duplexes are shown above the gels. The radioactive
label is indicated by the star. The contents of samples are shown above the gel lines. Reaction
products are labeled as ‘‘a’’ for the 59-end-labeled RNA1 hydrolysis product serving as an RNA
primer for RCA and ‘‘b’’ for the 59-end-labeled RCA product. (C) The reaction scheme
represents the conversions of target RNA.
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degraded by Phi29 DNA polymerase and converted into
a primer for RCA (Fig. 1B, panel 1, products a,b). However,
shifting of the hybridization region is not applicable in real-
life practice, where specific RNA sequences, for example,
SNPs or spliced sequences, need to be analyzed.

Alternatively, the RNA 39-end secondary structures
could be eliminated by shortening the molecules of target
RNA. Bioinformatics analysis of a 48-nt-long RNA oligo-
nucleotide RNA1, a truncated version of oligonucleotide
RNA2 (111 nt), predicted that the RNA1 molecule com-
plexed with probe PP1 does not form any stable RNA
structures at the 39-end (DG = z0 kcal/mol). The pre-
diction was confirmed using RNA1–PP1 complex and
Phi29 DNA polymerase in an RCA experiment, and the
target RNA1 was completely converted into a primer for
RCA (Fig. 1B, panel 2, products a,b). In practical applica-
tions the shortening of RNA targets, which have stable
double-stranded structures at the 39-end of the molecules,
could be performed by structure-specific RNases. We found
experimental evidence that E. coli RNase
III, which endonucleolytically digests
double-stranded RNA (March and
Gonzalez 1990), rendered the earlier
unproductive RNA2–PP1 hybrid RCA
competent. After digestion of double-
stranded RNA structures at the 39-end
of the target by E. coli RNase III, Phi29
DNA polymerase partly converted the
RNA2 target into a primer, which
later was extended into an RCA prod-
uct (Fig. 1A, panel 2, products a,b;
Fig. 1C).

The impact of double-stranded
RNA-specific E. coli RNase III
on the detection of target
transcripts in vitro

To assess the effect of E. coli RNase III
on mRNA detection in vitro, we used
GAPDH transcripts in total RNAs iso-
lated from human HeLa cells and
tongue and liver tissues from mouse.

Initially, human GAPDH transcripts
were tested using inner RNA sequence
at the border of the poly(A) tail and
a specific padlock probe PP5, the 59- and
39-ends of which were designed to be
complementary to the hGAPDH tran-
script hybridization region (Fig. 2A,
duplex 1). A nonspecific probe, PP6,
which had a few mismatched nucleotides
at the 39- and 59-ends, was used as
a control probe for ligation specificity.
As expected, no influence of E. coli

RNase III was noticed using the specific probe PP5. Similar
amounts of 70-nt-long RCA monomers, Mva1269I restric-
tion fragments of long RCA product, were obtained either
in the absence or in the presence of E. coli RNase III
(Fig. 2B, panel 1, products a). Besides, the nonspecific probe
PP6 did not generate any labeled specific products (Fig. 2B,
panel 1).

However, quite different results were obtained when
padlock probe hybridized to RNA sequence distanced far
from the 39-end. As an example, we used a specific padlock
probe, PP10*, which hybridizes to the hGAPDH transcript
sequence 720 nt away from the poly(A) tail of the transcript
(Fig. 2A, duplex 2). Under usual conditions, without E. coli
RNase III, Phi29 DNA polymerase did not generate any
products (Fig. 2B, panel 2). The addition of E. coli RNase
III changed the situation, and RCA monomers, LguI restric-
tion fragments of RCA product, were observed (Fig. 2B,
panel 2, product b). In contrast, specific labeled products
were absent when nonspecific padlock probe PP9* differing

FIGURE 2. Detection of GAPDH transcripts in vitro, the impact of E. coli RNase III. The
reactions were carried out with GAPDH-padlock probe duplexes (A, duplexes 1–3) under the
conditions described in Materials and Methods. (B) The oligonucleotides PP5 (panel 1) and
PP10* (panel 2) were used as specific tools for the hGAPDH transcript detection in the human
total RNA isolated from HeLa cells. The oligonucleotides PP6 (panel 1) and PP9* (panel 2)
were used as controls for reaction specificity. The oligonucleotides PP9* and PP10* (panels 3.1,
3.2) were used as probes for mGAPDH transcript detection and controls for reaction
specificity, respectively, when testing mouse total RNAs isolated from the tongue (panel 3.1)
and liver (panel 3.2) tissues. The RCA reactions were carried out in the absence or presence of
E. coli RNase III (panels 1–3). The reaction products were monomerized by cleaving them with
Mva1269I (panel 1) or LguI (panels 2, 3.1, 3.2) REases and analyzed by electrophoresis through
a denaturing 8% polyacrylamide gel. The contents of samples are shown above the gel lines.
The reaction products are labeled as ‘‘a,’’ ‘‘b,’’ and ‘‘c’’ for the 70-nt-long labeled monomers of
RCA products obtained using transcript-padlock probe duplexes 1, 2, and 3, respectively (A).
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by a single nucleotide in the ligation junction region was used
as a control (Fig. 2B, panel 2).

Another series of experiments was carried out with
GAPDH transcripts in total RNA isolated from mouse
tissues. Mouse GAPDH transcript differs from human
GAPDH transcript by a single nucleotide at the hybridiza-
tion region of the 39-ends of padlock probes. So, as a
specific padlock probe for the mGAPDH transcript de-
tection via ligation-based RCA, we used probe PP9* (Fig.
2A, duplex 3), and probe PP10* was used as a control probe
for ligation specificity. As expected, specific RCA products
were obtained only when total RNA isolated from the
tongue or liver tissues was hybridized to the specific probe,
PP9*, and RCA was performed in the presence of E. coli
RNase III (Fig. 2B, panels 3.1,3.2, products c). The observed
discrepancy between the yields of RCA products generated
on total RNAs of different origin could be due to GAPDH
mRNA level variations in RNA samples isolated from
different mouse tissues, as previously was shown for
GAPDH mRNA by Northern blot analysis (Gory et al.
1999). Significant differences in the expression level of
GAPDH gene in various human tissues were also previously
determined by RT-qPCR, for example,
in skeletal muscle total RNA GAPDH
cDNA was detected to be in 2.3-fold
higher numbers than in liver total RNA
(Barber et al. 2005).

In summary, in vitro results led us to
conclude that for the detection and
analysis of RNA sequences distanced
far from the 39-end, the addition of E.
coli RNase III, endoribonuclease speci-
fic for double-stranded RNA, can effi-
ciently facilitate target-RNA conversion
into primer for RCA by Phi29 DNA
polymerase.

The impact of double-stranded
RNA-specific E. coli RNase III
on the detection of target
transcripts in situ

Our previous RNA-primed RCA exper-
iments were carried out using hGAPDH
transcript as a target and a specific pad-
lock probe, PP5, which was complemen-
tary to the hybridization region overlap-
ping with the poly(A) tail (Fig. 2A,
duplex 1; Lagunavicius et al. 2009). The
experimental data obtained showed that
the samples generated specific RCA prod-
ucts that were subsequently labeled with
FITC hybridization probes. The arithme-
tic mean of the hGAPDH-specific RCA
products was z24 copies per HeLa cell.

Similar absolute values of arithmetic means of hGAPDH
transcript quantity were obtained in other cells using another
single-cell technique—‘‘digital RT-PCR’’ (Warren et al. 2006).
However, the overall detection efficiency of target GAPDH
transcript-primed RCA in situ was only z1% relative to the
results collected by the RT-qPCR, z2.6 3 103 cDNA
molecules per HeLa cell (Lagunavicius et al. 2009).

Here we report a more potent procedure for RNA
transcript detection in situ. The improvement was achieved
(1) by optimizing the circularization of padlock probes and
(2) by adding the E. coli RNase III to work side by side with
Phi29 DNA polymerase in target transcript-primed RCA.

Optimizing the circularization of the specific probe PP5
by adjusting T4 DNA ligase concentration increased the
detection efficiency by fourfold compared to the earlier
described results. The arithmetic mean of the number of
visualized specific RCA products increased from 24
(Lagunavicius et al. 2009) to 98 copies per HeLa cell in this
study (the detection efficiency was z4%) (Fig. 3A; Table 1).

However, using specific probe PP10*, which is com-
plementary to the hybridization region distanced far from
the end of the RNA molecule (Fig. 2A, duplex 2) and

FIGURE 3. Detection of individual human GAPDH transcripts in situ, the impact of E. coli
RNase III. The reactions in situ were carried out with target transcript–padlock probe duplexes
(Fig. 2A, duplexes 1,2) under the conditions described in Materials and Methods. The
oligonucleotides (A,E) PP5 ½complementary to the hybridization region overlapping with
poly(A) tail� and (C,G) PP10* (complementary to the hybridization region in the middle of
RNA molecule) were used as specific tools for hGAPDH transcript detection in situ. (B,D,F,H)
The oligonucleotides PP6 and PP9* (in the ligation junction regions slightly differing from PP5
and PP10*, respectively) were used as controls for reaction specificity. The RCA reactions were
carried in the absence (A–D) or presence (E–H) of E. coli RNase III. The reaction products
were hybridized with oligonucleotides containing FITC or Alexa555 labels, and the slides were
analyzed using TSC SP5 Confocal Microscope with 633 objectives. The images are presented
as DAPI (A–H, left panels) and FITC (A,B,E,F, right panels) or Alexa555 (C,D,G,H, right
panels) projections. DAPI stains nuclei blue, FITC or Alexa555 labels specific RCA products
green or red, respectively. Scale bars, 50 mm.
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Alexa555-labeled hybridization probes, we have detected
only few fluorescently labeled spots in cell cytoplasm
(Fig. 3C). The arithmetic mean of the number of visual-
ized specific RCA products per cell was 10-fold lower in
comparison to RCA products obtained with probe PP5
and was only z10 copies per cell (the detection efficiency
was z0.4%) (Table 1). The control samples with non-
specific probes PP6 and PP9* gener-
ated backgrounds of z0.02% and
z0.1%, respectively, relative to the
RT-qPCR results (Fig. 3B,D; Table 1).

As expected, E. coli RNase III supple-
mentation did not influence the detec-
tion efficiency in samples with specific
probe PP5 complementary to the hy-
bridization region overlapping with the
poly(A) tail (Fig. 3A,E). The arithmetic
mean of the number of visualized specific
RCA products was z1.1 3 102 copies per
HeLa cell (Table 1). However, the addi-
tion of E. coli RNase III to target RNA-
primed RCA with specific probe PP10*
complementary to the hybridization re-
gion in the middle of the RNA molecule
increased the detection efficiency by 18-
fold (Fig. 3C,G). The arithmetic mean
increased from 10 to 1.8 3 102 copies per
HeLa cell (Table 1). Control samples with
nonspecific probes PP6 and PP9* gener-
ated backgrounds of z0.06% and z0.3%,
respectively, relative to the RT-qPCR re-
sults (Fig. 3F,H; Table 1).

To confirm that the target RNA-
primed RCA is applicable to other target
RNA molecules, in situ detection of
mouse GAPDH and human ACTB and
PPIA transcripts was tested. As a specific
padlock probe for the mGAPDH tran-
script detection, we used probe PP9 (Fig.
4A, duplex 1), which is complementary
to the same RNA hybridization region as

previously used probe PP9* (Fig. 2A, duplex 3). Probe PP10
was used as a control probe for ligation specificity. Testing
hACTB and hPPIA transcripts, the specific padlock probes
PP11 and PP13* were hybridized to RNA sequences in the
middle of the hACTB transcript and at the 59-end of the
hPPIA transcript, 596 nt and 2078 nt away from the poly(A)
tail, respectively (Fig. 4A, duplexes 2,3). The control samples

TABLE 1. GAPDH detection in HeLa cells by target RNA-primed RCA

Probe

Detection efficiency without E. coli RNase III Detection efficiency in the presence of E. coli RNase III

hGAPDH/cella Percentb hGAPDH/cella Percentb

PP5 9.8 3 101 4 1.1 3 102 4
PP10* 1.0 3 101 0.4 1.8 3 102 7
PP6 0.5 0.02 1.5 0.06
PP9* 3.0 0.1 7.3 0.3

aArithmetic means of the number of visualized RCA products per HeLa cell were determined by summarizing the results of three independent
experiments, analyzing more than 70 cells in each experiment.
bThe detection efficiency of GAPDH transcript-primed RCA was calculated as relative values compared to the RT-qPCR results, z2.6 3 103

cDNA molecules per cell (Lagunavicius et al. 2009).

FIGURE 4. Detection of individual mouse GAPDH and human ACTB and PPIA transcripts
in situ, the impact of E. coli RNase III. The reactions in situ were carried out with target
transcript–padlock probe duplexes (A, duplexes 1–3) under the conditions described in
Materials and Methods. The oligonucleotides (B,D) PP9 (complementary to the hybridization
region in the middle of mGAPDH transcript), (F,H) PP11 (complementary to the hybridiza-
tion region in the middle of hACTB transcript), and (J,L) PP13* (complementary to the
hybridization region at the 59-end PPIA transcript) were used as specific tools for target
transcript detection in situ. (C,E,G,I,K,M) The oligonucleotides PP10*, PP12, and PP14 (in the
ligation junction regions slightly differing from PP9*, PP11, and PP13, respectively) were used
as controls for reaction specificity. The RCA reactions were carried in the absence (B,C,F,G,J,K)
or presence (D,E,H,I,L,M) of E. coli RNase III. The reaction products were hybridized with
the oligonucleotides containing FITC or Alexa555 labels, and the slides were analyzed using the
fluorescence microscope Olympus IX70 with 203 objectives. The images are presented as the
overlay of DAPI and FITC (B–I) or Alexa555 (J–M) projections. DAPI stains nuclei blue, FITC
or Alexa555 labels specific RCA products green or red, respectively. Scale bars, 25 mm.
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with nonspecific probes PP12 or PP14*, which in the ligation
junction region differ from PP11 and PP13* in a few
nucleotides or a single nucleotide, respectively, were used
as control probes for the ligation specificity.

Similar to the previous observations with the hGAPDH
transcript, the presence of E. coli RNase III significantly
influenced detection efficiency of the mGAPDH (by sixfold)
(Fig. 4B,D), hACTB (by 11-fold) (Fig. 4F,H), and hPPIA (by
16-fold) (Fig. 4J,L) transcripts when padlock probes hybrid-
ized to the RNA sequences distanced far from the 39-end of
the molecules. However, in control samples, its effect on
background level was imperceptible (Fig. 4C,E,G,I,K,M).

In summary, the results in situ correlated well with the
data obtained in vitro. The E. coli RNase III supplementa-
tion significantly improved the target RNA-primed RCA
technique when the padlock probe hybridized to the region
distanced far from the 39-end of RNA molecule. On the
other hand, the presence of the endoribonuclease specific
for double-stranded RNA had no effect on the detection
efficiency with the padlock probe oligonucleotide hybrid-
izing near the 39-end of the RNA target.

Conclusions

We have improved the target RNA-primed RCA technique
for in vitro and in situ use. Previously we described the
application of 39–59 single-stranded RNA exonucleolytic
activity of Phi29 DNA polymerase in the target-RNA
conversion into a primer and the following amplification
of the padlock probe by the polymerization activity of Phi29
DNA polymerase, which generated specific RCA products in
vitro and in situ (Lagunavicius et al. 2008, 2009). However,
when the padlock probe hybridized to a region distanced
far from the 39-end, strong double-stranded structures
present at the 39-end of target RNA molecules were interfering
with the single-stranded exoribonucleolytic activity of Phi29
DNA polymerase and hindering RCA product accumula-
tion. We show that the addition of endoribonucleases
specific for the double-stranded RNA can change situation
significantly. We demonstrate that in such hampered cases of
RCA, the E. coli RNase III efficiently assists Phi29 DNA
polymerase in target RNA conversion into a primer. The
positive impact of the double-stranded RNA-specific en-
donuclease was successfully demonstrated on the human
and mouse transcripts (hGAPDH, mGAPDH) in the total
RNA isolated from human cells or mouse tissues. The
results in vitro correlated well with the data obtained in
situ. The E. coli RNase III supplementation significantly
improved the target RNA-primed RCA technique when
tested with the individual human and mouse transcripts
(hGAPDH, by 18-fold; mGAPDH, by sixfold, hACTB, by
11-fold; hPPIA, by 16-fold) with their specific padlock
probes, which hybridized to the regions distanced far from
the 39-ends of RNA molecules. As a result, with the
assistance of E. coli RNase III, the in situ detection of the

inner RNA sequences located either near the end or in the
middle of the RNA molecule (hGAPDH) became compa-
rably efficient (4% and 7%, respectively). Similar detection
efficiencies in situ (1%–10%) were presented previously for
the DNA-primed RCA technique on the mitochondrial or
chromosomal DNA targets (Larsson et al. 2004; Lohmann
et al. 2007).

MATERIALS AND METHODS

Proteins, buffers, and reagents

BSA, DEPC-treated water, DNase I, DNA polymerases (Taq,
Phi29), glycogen, RevertAid H Minus First Strand cDNA Synthe-
sis Kit, REases (Mva1269I, LguI), Ribolock RNase inhibitor, T4
DNA ligase; PBS buffer (103), SSC buffer (203), Tango buffer
(103), TBE buffer (103), and RNA Loading Dye Solution (23)
were products of Fermentas UAB. Fetal bovine serum was
obtained from Biochrom AG; creatinphosphate, Dulbecco’s Mod-
ified Eagle’s medium without L-glutamine, L-glutamine, genta-
mycine sulphate, and polyvinyl alcohol (from Sigma); E. coli
RNase III (from Ambion and Epicentre); and the RNeasy Mini
Kit (from QIAGEN).

Nucleotides, oligonucleotides

½a-33P�dATP (z3000 Ci/mmol) was purchased from Hartmann
Analytic. Unlabeled dNTPs were products of Fermentas UAB. The
origin and sequences of oligonucleotides DP-FITC, Mva1269I,
PP1, PP2, PP5, PP6, RNA1, and RNA2 have been published
previously (Lagunavicius et al. 2008, 2009). The following DNA
oligonucleotides were obtained from Metabion:

DP2-Alexa555: 59-Alexa555-ACTGTGGTGCTCTTCAGGCTG-39;
LguI: 59-CTGTGGTGCTCTTCAGGCGT-39;
PP9: 59-GCTAAGCAGTTGGTGATGCTGCTGCTGTACTACGAG

CGGTCTCCAGGAATGCGCAACCTTGGCCAGGGGG-39;
PP9*: 59-GCTAAGCAGTTGGTGCTGTGGTGCTCTTCAGGCGT

GTTAGTTTGTACTGGTGACGACCTTGGCCAGGGGG-39;
PP10: 59-GCTAAGCAGTTGGTGCTGTGGTGCTCTTCAGGCGT

GTTAGTTTGTACTGGTGACGACCTTGGCCAGGGGT-39;
PP10*: 59-GCTAAGCAGTTGGTGCTGTGGTGCTCTTCAGGCG

TGTTAGTTTGTACTGGTGACGACCTTGGCCAGGGGT-39;
PP11: 59-TGCGGTGGACGATGGATGCTGCTGCTGTACTACGA

GCGGTCTCCAGGAATGCGCACCGCCTAGAAGCATT-39;
PP12: 59-AGCGGTGGACGATGGATGCTGCTGCTGTACTACGA

GCGGTCTCCAGGAATGCGCACCGCCTAGAAGCATA-39;
PP13*: 59-CTGCTGTCTTTGGGACTGTGGTGCTCTTCAGGCG

TGTTAGTTTGTACTGGTGACGGAGCACGAAAATTTT-39; and
PP14*: 59-CTGCTGTCTTTGGGACTGTGGTGCTCTTCAGGCG

TGTTAGTTTGTACTGGTGACGGAGCACGAAAATTTA-39.

Target-RNA conversion into a primer for RCA

All manipulations with RNA–PP hybrids were performed
exactly as described previously (Lagunavicius et al. 2008),
except that some RCA reactions with the RNA2–PP1 hybrid
were carried out in the presence of 0.01 U of E. coli RNase III
(Epicentre).
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Ligation-based target transcript detection
in total RNA

Total RNA was isolated from human HeLa cells and tongue and
liver tissues from mouse using the RNeasy Mini Kit and treated
with DNase I. The presence of target transcripts and the absence of
encoding genes were confirmed by RT-PCR experiments (data not
shown).

The hybridization reaction with human total RNA was per-
formed in 9.3 mL of reaction mixture ½13 Tango, 3 nM phosphor-
ylated oligonucleotide PP5 or PP10* (specific for hGAPDH),
0.25 mg of human total RNA� by heating for 5 min at 65°C and
cooling down to room temperature. A free total RNA and its
mixture with nonspecific phosphorylated oligonucleotide PP6 or
PP9* (in the ligation junction region differing from PP5 and
PP10* in a few or a single nucleotides, respectively) and free
oligonucleotides were used in other samples as controls for
reaction specificity. After hybridization, 2.5 U of T4 DNA ligase,
20 mM ATP, and 10 U of Ribolock were added to each sample,
and the ligation reactions were performed for 2 h at 37°C. The
RCA reactions were initiated by adding 2.5 U of Phi29 DNA
polymerase and 1 mM dNTP (10 mCi ½a33-P�) to each hybridiza-
tion sample, in a final volume of 12.8 mL. The samples were
incubated for 3 h at 37°C, and reactions were terminated for 10
min at 70°C. Some RCA reactions were performed in the presence
of 0.5 U of E. coli RNase III (Ambion). Testing mGAPDH in the
total mouse RNA, all procedures were performed as described
above, except that the total RNA was isolated from mouse tongue
or liver tissues, and the phosphorylated oligonucleotide PP9* was
used as a specific probe, while oligonucleotide PP10* was used as
a control, nonspecific probe.

Furthermore, the specificity of RCA products was tested.
Complementary oligonucleotides containing Mva1269I or LguI
REase recognition site, at 1 mM concentration, were annealed to
the RCA products in 13 Tango (PP5, PP6 samples) or 23 Tango
(PP9*, PP10* samples) buffer, respectively, in a final volume of 13
mL. The annealing step was performed for 5 min at 95°C, 2 min at
80°C, 2 min at 70°C, 2 min at 60°C, 2 min at 50°C, 2 min at 40°C,
2 min at 30°C, 2 min at 20°C, and 2 min at 10°C. Then each
sample was supplemented with 5 U of appropriate REase, and the
monomerization reaction was performed for 1 h at 37°C. Before
electrophoretic analysis, all samples were treated with 200 mg/mL
proteinase K in the presence of 0.4% SDS for 30 min at 37°C.
Following incubation, an equal volume of 23 RNA Loading
dye solution was added to stop the reaction. The samples were
heated for 10 min at 95°C and placed on ice, then loaded onto the
8% (w/v) denaturing polyacrylamide gel (29:1 ½w/w� acrylamide/
bisacrylamide, 7 M urea, 13 TBE buffer). The gels were analyzed
using the Cyclone Storage Phosphor System and OptiQuant
Image Analysis Software (Packard Instruments).

Individual transcript detection in situ

The human HeLa or mouse 3T3 cells were cultured in 10-well
glass slides (Electron Microscopy Sciences) at a density of 3 3 103

cells/well in Dulbecco’s Modified Eagle’s medium (without
L-glutamine) supplemented with 10% fetal bovine serum, 0.3
mg/mL L-glutamine, and 50 mg/mL gentamycine sulfate for 24 h
at 37°C in a CO2 incubator. The cells on the slide were washed
with 13 PBS buffer for 3 min and fixed with 4% formaldehyde

(prepared freshly from paraformaldehyde) in 13 PBS for 20 min
at room temperature. After fixation the cells were washed with 13

PBS buffer for 3 min; dehydrated with 70% (5 min), 85% (3 min),
and 99.9% (3 min) ethanol; and air-dried at room temperature.
The human transcript hybridization reaction in the HeLa cells was
performed in 30 mL/well of hybridization mixture (250 nM
phosphorylated oligonucleotide PP5, PP10* ½specific for
hGAPDH�, PP11 ½specific for hACTB� or PP13* ½specific for
hPPIA�, 475 mM Tris-HCl at pH 8; 0.95 mM EDTA, 760 mM
NaCl) for 2–3 h at 37°C in a humidity chamber. The nonspecific
phosphorylated oligonucleotides PP6, PP12 or PP9*, PP14* (in
the ligation junction region differing from PP5, PP11 and PP10*,
PP13* in a few nucleotides or a single nucleotide, respectively)
were used in other samples as controls for reaction specificity.
Testing mGAPDH in the 3T3 cells, all procedures were performed
as described above, except that the phosphorylated oligonucleo-
tide PP9 was used as a specific probe, while oligonucleotide PP10
was used as a control, nonspecific probe.

Furthermore, the glass slide was washed in pre-heated washing
buffer (100 mM Tris at pH 7.5, 150 mM NaCl, 0.05% Tween 20)
for 5 min at 37°C, dehydrated by serial washes with increasing
concentrations of ethanol (70%, 85%, 99.9%, for 3 min of each)
and air-dried at room temperature. The ligation of padlock probes
on human transcripts was performed with 30 U of T4 DNA ligase
in 30 mL/well of 13 T4 DNA ligase buffer supplemented with 0.1
mg/mL BSA and 60 U of Ribolock for 1 h at 37°C in a humidity
chamber. The glass slide was washed in the pre-heated washing
buffer, dehydrated, and air-dried. The RCA was performed with
30 U of Phi29 DNA polymerase in 30 mL/well of 13 Phi29 DNA
polymerase buffer supplemented with 0.2 mg/mL BSA, 0.25 mM
dNTP, and 30 U of Ribolock for 16 h at 37°C in a humidity
chamber. Some of the RCA reactions were performed in the
presence of 0.1 U of E. coli RNase III (Ambion). The glass slide
was washed in the pre-heated buffer, dehydrated, and air-dried.
The RCA products were detected by their hybridization with
fluorescently labeled oligonucleotides DP-FITC (PP5, PP6, PP9,
PP10, PP11, and PP12 samples) or DP2-Alexa555 (PP9*, PP10*,
PP13*, and PP14* samples) in 30 mL/well of hybridization
mixture (250 nM fluorescent oligonucleotide, 23 SSC buffer,
20% formamide, 5% glycerol) for 2 h at 37°C in a humidity
chamber. The glass slide was washed in the pre-heated washing
buffer twice for 5 min at 37°C, dehydrated, and air-dried. The slides
were mounted in Vectashield mounting medium for fluorescence
with 1.5 mg/mL 49,6-diamidino-2-phenylindole (DAPI) (Vector
Laboratories) and analyzed with fluorescence microscope Olym-
pus IX70 and Image-Pro Plus software (Media Cybernetics) or
TSC SP5 Confocal Microscope (Leica Corp.). Fluorescent-labeled
RCA products were calculated using ImageJ 1.41o software
(http://rsb.info.nih.gov/ij). The total number of RCA products
was obtained by dividing the total fluorescent area by the average
value of particle size. The number of particles in the cell was
calculated by dividing the total number of RCA products by nuclei
count.
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NOTE ADDED IN PROOF

Parallel to this study, a report was published describing an
efficient detection of individual RNA molecules method in situ
by RCA-based analysis of their reverse transcription products,
cDNAs (Larsson et al. 2010). We describe similar results obtained
by a competitive method, the direct detection of RNA transcripts
by target RNA-primed RCA.
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