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ABSTRACT

The short lengths of microRNAs (miRNAs) present a significant challenge for detection and quantitation using conventional
methods for RNA analysis. To address this problem, we developed a quantitative, sensitive, and rapid miRNA assay based on our
previously described messenger RNA Invader assay. This assay was used successfully in the analysis of several miRNAs, using
as little as 50–100 ng of total cellular RNA or as few as 1,000 lysed cells. Its specificity allowed for discrimination between
miRNAs differing by a single nucleotide, and between precursor and mature miRNAs. The Invader miRNA assay, which can be
performed in unfractionated detergent lysates, uses fluorescence detection in microtiter plates and requires only 2–3 h incu-
bation time, allowing for parallel analysis of multiple samples in high-throughput screening analyses.
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INTRODUCTION

MicroRNAs (miRNAs) and small interfering RNAs (siRNAs;
Lagos-Quintana et al. 2001; Lau et al. 2001; Lee and Ambros
2001; Mourelatos et al. 2002; Reinhart et al. 2002) can regu-
late the translation and stability of messenger RNAs (mR-
NAs) in higher eukaryotes (Lee et al. 1993; Banerjee and
Slack 2002; Carmell et al. 2002; Moss and Poethig 2002;
Pasquinelli and Ruvkun 2002; Carrington and Ambros
2003; Dykxhoorn et al. 2003; Kidner and Martienssen 2003;
Krichevsky et al. 2003; Bartel 2004). In addition to their
impact on normal gene expression, these small (∼22 nucleo-
tides) RNAs have great potential in areas of therapeutics
and drug discovery. Our understanding of these RNAs
would be facilitated by development of new methods to
study them. For example, several nonidentical but closely
related miRNAs have been described that are not easily
distinguishable by available methods although they may
differ in their targets or activities. Also, some important,
biologically active endogenous or introduced miRNAs or
siRNAs may be present at levels that are too low to be
detected or quantified directly (Kim et al. 2004; Sempere et
al. 2004). To date, the principal methods used for detection
and quantification of miRNAs are based on sequencing, gel
electrophoresis, and hybridization.

Here, we describe a method, which we call the Invader
miRNA assay, for the sensitive and specific detection and
quantitation of miRNAs or siRNAs. It is based on a similar
method that we previously developed to detect mRNAs, the
Invader mRNA assay (Eis et al. 2001; de Arruda et al. 2002).
The Invader miRNA assay has the ability to detect and
quantitate as few as 20,000 molecules of an individual
miRNA. It distinguishes between miRNAs and their pre-
cursors, as well as between closely related miRNA isotypes.
The assay is rapid and can be performed in detergent lysates
of cells.

RESULTS AND DISCUSSION

The Invader assay (Fig. 1) is based on enzymatic cleavage by
a structure-specific 5� nuclease (Cleavase) of a synthetic
oligonucleotide (the probe) that is in an appropriate over-
lap-flap structure (Kaiser et al. 1999). The structure is gen-
erated by hybridization of a target nucleic acid to two de-
oxy-oligonucleotides, called the probe and invasive oligo-
nucleotides, in a partially overlapping manner (Fig. 1A;
Lyamichev et al. 1999; Hall et al. 2000). The specificity of
the assay results from the ability of the enzyme to detect
base pairing of the probe at the site of substrate cleavage.
The released 5� flap fragment is detected in the same reac-
tion tube, when it serves as an invasive oligonucleotide in a
second cleavage reaction (Fig. 1B). The substrate of this
secondary reaction is an oligonucleotide containing a fluo-
rescent dye (F) and a quencher (Q), which form a fluores-
cence resonance energy transfer (FRET) pair that is sepa-
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rated upon cleavage. Background is kept low by addition of
an oligonucleotide (the Arrestor) that hybridizes to un-
cleaved probe and keeps it from participating in the sec-

ondary reaction. Thus, a simple fluoro-
metric assay indicates the amount of
target nucleic acid present in a sample,
based on the number of flap structures
that formed on the target nucleic acid.

The invasive and probe oligonucleo-
tides for the Invader miRNA assay are
designed so that each one base pairs
with about half of the nucleotides of the
miRNA (Fig. 1C). Stability of the inter-
action is increased by inclusion of stem–
loops at the 5� and 3� ends of the inva-
sive and probe oligonucleotides, respec-
tively, to promote base stacking with the
short, targeted RNA. Release of the
probe from the target is promoted by
performing the cleavage reactions at el-
evated temperatures, resulting in very
high turnover, and hence sensitivity, of
the assay (Lyamichev et al. 2000). The
enzyme preferentially stabilizes interac-
tion between the invasive oligonucleo-
tide and the target (data not shown),
allowing for multiple probe cleavages in
response to a single target RNA.

When a set of oligonucleotides de-
signed to detect let-7a RNA (Fig. 2A)
was incubated with synthetic let-7a
RNA, a fluorescence signal was gener-
ated, showing that the assay can detect
miRNAs (Fig. 2B). The signal increased
in proportion to the amount of RNA,
over three orders of magnitude, and was
detectable even when only ∼20,000 mol-
ecules of target miRNA were present in
the reaction. Thus, the assay is able to
detect miRNAs that might be present at
very low levels.

The specificity of the Invader miRNA
assay was investigated at several tem-
peratures, using closely related variants
of let-7 RNA that differed from it by
only 1 of 22 nt (Fig. 2A). Addition of
let-7a RNA resulted in much greater sig-
nal than did addition of the variant
RNAs (Fig. 2C). Conversely, an assay
that was designed to detect let-7c RNA
generated significant signal in the pres-
ence of let-7c RNA but not the other
let-7 variants or let-7a RNA (Fig. 2D,E).
Thus, the method is able to discriminate
between miRNAs that differ in sequence

by less than 5%. The magnitude of discrimination was
greatest when the sequence differences were near the middle
of the miRNA, opposite the site of cleavage. We propose

FIGURE 1. Schematic representation of the Invader miRNA assay. (A) Primary reaction of the
Invader mRNA assay: Annealing of the invasive and probe oligonucleotides to an RNA target
forms an overlap-flap structure that is a substrate for the structure-specific 5� nuclease, Cleav-
ase. The mRNA target is shown in gray and the target-specific oligonucleotides are shown in
black. The noncomplementary 5� flap of the probe oligonucleotide is hatched, and the arrow
indicates the site of cleavage, which releases the 5� flap. (B) Secondary reaction to generate
quantifiable signals: A secondary overlap-flap structure is formed by hybridizing both the 5�
flap that had been released in the primary reaction and a FRET oligonucleotide to a secondary
reaction template (SRT). The FRET oligonucleotide is labeled with a fluorophore (F) and a
quencher (Q) so cleavage between them generates a fluorescence signal. A 2�-O-methyl arrestor
oligonucleotide (double lines) complementary to the probe is added to the secondary reaction,
to sequester the uncleaved probes so they cannot bind to the SRT. (C) Invader miRNA assay
primary reaction: The overall structure of the substrate resembles that shown in A, except that
the short size of the miRNA target requires the inclusion of extra structures derived from the
invasive and probe oligonucleotides, forming a dumbbell-like structure. The miRNA target is
shown in gray, the target-specific oligonucleotide sequences in black, and the stem–loop
hairpin regions of the invasive and probe oligonucleotides, which contain 2�-O-methyl nucleo-
tides, are shown by double lines. The noncomplementary 5�-flap is hatched and the arrow
indicates the site of cleavage, which releases the 5� flap.
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that the let-7c assay is more discriminating than the let-7a
assay (Fig. 2, cf. C and E) because of the relative stabilities
of the mismatched nucleotides (A-C vs. G-T).

We tested the importance of hairpins at the ends of the
probe and invasive oligonucleotides by comparing the sig-
nals generated when the hairpins were or were not present.
In almost all of the Invader miRNA assays both hairpins are
needed for efficient detection. Curiously, however, omis-
sion of the hairpin from the probe oligonucleotide used to
detect let-7a RNA appeared to increase its ability to detect
very low amounts of let-7a RNA, concomitant with a slight
reduction in the optimal temperature of assay (data not
shown); this increased sensitivity may be due to better
product release. The assays for other miRNAs appeared to
be more dependent on the 3� hairpin, so in all assays de-
scribed below, with the exception of those for let-7a RNA,

both the probe and invasive oligonucleotides had hairpins,
as illustrated in Figures 1C and 2A and Table 1.

When a precursor of let-7a RNA was used instead of the
mature miRNA, the signal was reduced by more than 95%
(not shown), demonstrating that the assay can differentiate
between mature and precursor forms of miRNAs. That is
likely because of competition between the oligonucleotides
used in the assay and the region of the precursor that is
highly complementary to let-7a RNA. Every pre-miRNA
described to date contains a sequence that is partially
complementary to its embedded miRNA, allowing for for-
mation of an imperfect duplex needed in the processing of
pre-miRNAs by Dicer (Bartel 2004). Thus it is unlikely that
any pre-miRNA will generate a signal in this assay.

The presence of an extra, overlapping nucleotide at each
end of the RNA heteroduplex reduced the maximum signal

FIGURE 2. (A) Invasive and probe oligonucleotides designed to detect let-7a RNA, and nucleotide sequences of let-7a RNA and closely related
let-7 variants (shown in italics); nucleotide differences from let-7a RNA are in lowercase or a dash. 2�-O-methyl containing nucleotides of the
regions forming hairpin structures are in bold. (B) Dose response of the net fluorescence signal generated in the Invader assay using synthetic
let-7a RNA. (C) Temperature dependence of the fluorescence signals generated in the Invader miRNA assay using as targets the let-7 variants
indicated in A. (D) Invasive and probe oligonucleotides designed to detect let-7c RNA, and nucleotide sequences of let-7 variants highlighted (in
lowercase or by a dash) where the sequence differs from let-7c. (E) Temperature dependence of the fluorescence signals generated in the Invader
let-7c assay using as targets the let-7 variants indicated in D. let-7a, let-7e, and let-7f variants generated very low net signal and their temperature-
dependence curves are superimposed in the figure.

MicroRNA Invader assay

www.rnajournal.org 1155



by about 50% (data not shown). Similarly, a single nucleo-
tide gap at one or both ends of the miRNA reduced the
optimal temperature by several degrees and also reduced
the signal (data not shown). The presence or absence of a 5�
phosphate on the miRNA was without effect on the perfor-
mance of the assay. Thus, base stacking between the ends of
the miRNA and the invasive and probe oligonucleotides
appears to be important, but not essential for detection. We
have not undertaken a detailed analysis of the sensitivity of
the assay to heterogeneities in the lengths of miRNAs.

The assay detected let-7a RNA in as little as 50–100 ng of
unfractionated total RNA prepared from human tissues
(Fig. 3A). Because the signal generated was proportional to
the amount of let-7a RNA in the sample, we were able to
estimate the relative amounts of this RNA in a fixed amount
of tissue RNA. For the sake of comparison, the data were
normalized to the level in whole brain (Fig. 3A). The results
show that the amounts of let-7a RNA per cell vary over
several orders of magnitude between tissues, as previously
reported by Pasquinelli et al. (2000). Assuming that each

TABLE 1. Oligonucleotide sequences used for microRNA detection using the Invader assay

Assay
Oligonucleotide

description Oligonucleotide sequence (5� → 3�)
Optimal assay
temperature

let-7a synthetic RNA target ugagguaguagguuguauaguu 54°Ca

probe CCGTCGCTGCGTCTACTACCTCACGAGUUUUCGUCG
invader GGCACUUUUGUGCCAACTATACAACT
arrestor UGAGGUAGUAGACGCAG

let-7c synthetic RNA target ugagguaguagguuguaugguu 54°C
probe CCGTCGCTGCGTCTACTACCTCACGAGUUUUCGUCG
invader GGCACUUUUGUGCCAACCATACAACT
arrestor UGAGGUAGUAGACGCAG

miR-1 synthetic RNA targt uggaauguaaagaaguauggag 50°C
probe AACGAGGCGCACTTTACATTCCACGAGCCUUUUGGCUCG
invader GGCAGCUUUUGCUGCCCTCCATACTTCC
arrestor UGGAAUGUAAAGUGCGC

miR-15 synthetic RNA target uagcagcacauaaugguuugug 53°C
probe AACGAGGCGCACATGTGCTGCTACGAGCCUUUUGGCUCG
invader GGCAGCUUUUGCUGCCCACAAACCATTC
arrestor UAGCAGCACAUGUGCGC

miR-16 synthetic RNA target uagcagcacguaaauauuggcg 56°C
probe AACGAGGCGCACTACGTGCTGCTACGAGCCUUUUGGCUCG
invader GGCAGCUUUUGCUGCCCGCCAATATTG
arrestor UAGCAGCACGUAGUGCGC

miR-125b synthetic RNA target ucccugagacccuaacuuguga 52°C
probe AACGAGGCGCACGGTCTCAGGGACGAGCCUUUUGGCUCG
invader GGCAGCUUUUGCUGCCTCACAAGTTAGA
arrestor UCCCUGAGACCGUGCGC

miR-135 synthetic RNA target uauggcuuuuuauuccuaugugaa 45°C
probe AACGAGGCGCACAATAAAAAGCCATACGAGCCGAAAGGCUCG
invader CCGAGCGAAAGCUCGGTTCACATAGGC
arrestor UAUGGCUUUUUAUUGUGCGC

U6 snRNA synthetic RNA target auacagagaagauuagcauggccccugcgcaaggaug 51°Cb

probe CCGCCGAGATCACCTAATCTTCTCTGTAT
invader CATCCTTGCGCAGGGGCCATGA
arrestor AUACAGAGAAGAUUAGGUGAUC

FAM FRET probe Fam-CAC-Q-TGCTTCGTGG

RED FRET probe Red-CTC-Q-TTTCTCAGTGCG

FAM specific secondary reaction template 1 CCAGGCAGCAAGTGGTGCGCCTCGTTT

FAM specific secondary reaction template 2 CCAGGAAGCAAGTGACGCAGCGACGGT

RED specific secondary reaction template 1 CGCAGTGAGAATGAGGTGATCTCGGCGGT

Ribonucleotides are in lowercase and deoxy-ribonucleotides are in uppercase. 2�-O-methyl nucleotides are underlined. Fam, Red, and Q
denote fluorescein, Redmond Red dye, and Eclipse quencher (Epoch Biosciences), respectively. Omission of the 2�-O-methyl nucleotides
hairpin from the 3� end of the probe oligonucleotide used to detect let-7a RNA appeared to increase the ability of the probe to detect very low
amounts of let-7a RNA (see text).
aThe optimal reaction temperature for let-7a using the probe oligonucleotide without the hairpin at its 3� end was 49°C.
bWhen performing biplex miRNA/U6 Invader assays, the optimal assay temperature of the miRNA was used.
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cell contains about 35 pg RNA, the number of let-7a RNA
molecules per cell ranged from ∼100 to ∼20,000, depending
on the tissue.

Four additional Invader miRNA assays were developed to
validate the generality of the detection method. Each In-

vader miRNA assay was able to detect its targeted miRNA in
a tissue-specific (Fig. 3B–E) and dose-dependent (not
shown) manner. As with let-7a RNA, each miRNA had its
own tissue-specific differential pattern of expression.

We also tested whether the assay could quantify miRNAs

FIGURE 3. Expression profiles for let-7a (A), miR-15 (B), miR-16 (C), miR-125b (D) and miR-135 (E) in 50–100 ng of total RNA from a variety
of human tissues. Relative miRNA levels were quantitated using the fluorescence signals generated by the appropriate Invader miRNA assay,
adjusted for the amount (in nanograms) of total RNA in each sample. For comparison between samples, these numbers were then normalized
to the signal obtained for miRNA in whole brain.

MicroRNA Invader assay

www.rnajournal.org 1157



in cell lysates, thereby avoiding the need to isolate RNA. To
do this, we added synthetic Drosophila melanogaster miR-1
RNA to HeLa or Hs 578T cells and then either prepared cell
lysates by treatment with NP-40 at 80°C or isolated total
RNA by phenol-chloroform extraction (see Materials and
Methods). Approximately 70% of the added signal was de-
tected when assayed in either a total RNA sample or cell
lysate (Table 2). In neither case was a signal observed in the
absence of added Drosophila miR-1 RNA (data not shown).
The percent recovery is likely to vary between samples, be-
cause of losses encountered during the extra handling of the
RNAs. Thus, the Invader miRNA assay can be reliably per-

formed in NP-40 lysates of cells, without RNA isolation and
purification.

The stability of let-7a RNA in cell lysates was tested by
varying the time of the primary reaction while keeping the
secondary reaction time constant. Under these conditions,
the net signal produced was proportional to the time of the
primary reaction, as would be expected if target RNAs were
stable during the assay period (data not shown). A similar
stability of GAPDH mRNA was also observed. Treatment of
cell lysates with 10 ng/µL RNase A at 37°C for 1 h com-
pletely destroyed the generation of signal for both miRNA
and mRNA (not shown), indicating that the Invader assay
detected the targeted RNAs and not genomic DNA present
in lysates.

The results of the Invader miRNA assay are obtained as
fluorescence units, normalized to a fixed amount of RNA or
number of cells. These numbers are an indicator of the
relative amounts of a particular miRNA in an RNA prepa-
ration. To calculate the absolute number of miRNA per cell,
the relative fluorescence signals per nanogram of total cell
RNA were compared to standard curves generated by
known amounts of the synthetic miRNA (Fig. 2B), assum-
ing that ∼35 pg RNA can be recovered from each HeLa cell.
When this analysis was applied to the let-7a and miR-16
RNAs in total RNA isolated from HeLa cells, we calculated
that each cell contained an average of about 4200 molecules
of let-7a RNA and about 1300 molecules of miR-16 RNA
(Fig. 4). Northern blot analysis of the same HeLa cell RNA
preparation indicated that the cells had about 2100 mol-
ecules of let-7a RNA and 1700 molecules of miR-16RNA

TABLE 2. Recovery of miR-1 microRNA in total RNA preparations
and cell lysis

Cell line
Attomoles

added
Attomoles
recovered % recovery

Total RNA preparations
HeLa 2.80 1.84 66%
Hs 578T 2.80 1.83 65%

Cell lysis
HeLa 2.80 1.84 66%
Hs 578T 2.80 2.17 77%

Synthetic drosophila miR-1 (2.8 amoles) was added to ∼106 HeLa
or Hs 578T cells prior to preparation of either NP-40 cell lysates or
total RNA samples. Net fluorescence signals generated in the
miR-1 Invader miRNA assay were used to calculate attomoles of
RNA, using a dose–response curve generated with pure, synthetic
miR-1 RNA (data not shown). Similar signal recoveries were ob-
served using other amounts of added miR-1 (data not shown).

FIGURE 4. Quantities of let-7a and miR-16 RNAs per HeLa cell. Total RNA was isolated from HeLa cells and analyzed either by the Invader let-7a
assay or by quantitative Northern blotting. We used 50 ng of RNA in the Invader reaction and the fluorescence signal generated was compared
to a standard curve generated using known amounts of synthetic let-7a RNA, to determine attomoles of miRNA per nanogram of HeLa cell RNA.
These numbers were converted to molecules per cell, assuming 35 pg RNA per HeLa cell. Standard errors are from the standard curve and three
independent measurements. Similarly, the numbers of molecules per cell were calculated when the cells were lysed with NP-40, without RNA
isolation. In this case, a total of 4500 cells (counted prior to harvesting) were used in each assay. The Northern blots were performed on 2 or 10
µg of the same HeLa cell RNA preparation used in the Invader assay, with standards of 2.5, 0.50, or 0.25 fmoles of synthetic let-7a RNA and 4.4,
0.44, or 0.22 fmoles of synthetic miR-16 RNA run on adjacent lanes to generate a standard curve (Lim et al. 2003). The blot was probed with
32P-UTP-labeled T7 transcribed RNAs complementary to let-7a or miR-16 RNAs, and signals were quantified on a phosphorimager and were
normalized to a standard curve to yield molecules per cell. Standard errors for let-7a Northern blots are the standard deviations of duplicate
experiments. A single Northern blot experiment was performed for miR-16; thus no standard errors are reported. The amounts of RNA used as
standards were calculated assuming extinction coefficients of 2.38 and 2.26 × 105 L/mole · cm for let-7a and miR-16 RNAs, respectively.
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(Fig. 4). The data reported by Lim et al. (2003) appear to
put the number of let-7a and miR-16 RNAs at about 1400
and 1200 molecules, respectively, but it is unclear what
these workers assumed for the amount of RNA per HeLa
cell. Similar calculations performed on miRNAs in HeLa
cell lysates, rather than isolated RNAs, indicated that each
cell contained ∼4700 and ∼1600 copies of let-7a and miR-16
RNA, respectively.

The calculated numbers of miRNAs per cell presented in
Figure 4 are within a factor of two of each other, even
though two very different types of assays were involved,
using considerably different amounts of RNA (∼50 ng vs.
∼5–10 µg). Slight differences may result from compounds in
the cell RNA preparations that could inhibit or stimulate
either the Invader reaction or from inaccuracies in the gen-
eration of standard curves. Also, the great specificity of the
Invader miRNA assay (Fig. 2) might cause variant miRNA
molecules to go undetected, even though they would con-
tribute to the overall signal in a Northern blot. Both the

Invader miRNA assay and Northern blotting require that
assumptions be made about the amount of total RNA per
cell and the extent of losses during sample preparation or
cell lysis.

The amounts of a miRNA in two different preparations
can be compared directly, using another, “housekeeping,”
RNA as an internal standard. Two different RNAs can be
assayed simultaneously by performing the Invader assay in
a biplex format, in which the probe oligonucleotide for each
RNA has a unique 5� flap that can be detected in the sec-
ondary reaction (Eis et al. 2001; Lund et al. 2003; Wagner et
al. 2003). An example of such normalization is demon-
strated in Figure 5. Four samples containing different num-
bers of HeLa cells were lysed by NP-40 treatment at 80°C,
and the lysates were analyzed with a biplex Invader assay
designed to detect the let-7a specific signal (FAM fluores-
cence) and a U6 RNA specific signal (spectrally distinct
Redmond Red fluorescence). The levels of both signals were
proportional to the amounts of HeLa cells analyzed (Fig.
5A), so the normalized amount of let-7a signal remained
nearly constant across all samples (Fig. 5B). Thus the signal
of an unrelated RNA such as U6 can serve for normalization
of the let-7a RNA-specific signals in two preparations when
the absolute number of cells is unknown. Likewise, the level
of let-7a specific signal remained constant when normalized
to GAPDH mRNA (data not shown).

The Invader miRNA assay described here presents many
advantages not seen with other methods currently in use. It
is quantitative, specific, and sensitive (detecting as few as
20,000 miRNA molecules). Also, it is simple, rapid (requir-
ing only 2–3 h incubation), does not use radioactivity, and
is readily performed directly in cell lysates. Accordingly, it
lends itself well to applications in high throughput screen-
ing. Costs are reduced by purifying probe oligonucleotides
in-house by gel electrophoresis, and by the use of a standard
secondary reaction so that the same FRET pair oligonucleo-
tide is used in all reactions.

MATERIALS AND METHODS

Oligonucleotide synthesis and purification

DNA oligonucleotides were synthesized with an Expedite 8909
synthesizer (PerSeptive Biosystems) using standard phosphora-
midite chemistry. All phosphoramidites, including 2�-O-methyl
phosphoramidites, were purchased from Glen Research. Synthesis
and deprotection were performed according to the manufacturer’s
procedures. RNA oligonucleotides were purchased from Dharma-
con Research Inc. and were deprotected and desalted according to
the manufacturer’s procedures. All DNA and RNA oligonucleo-
tides used in this study (Table 1) were purified by electrophoresis
in a 20% denaturing acrylamide gel as described (Kaiser et al.
1999). FRET and secondary reaction template (SRT) oligonucleo-
tides were purified as described (Eis et al. 2001). Oligonucleotide
concentrations were determined from the absorption at 260 nm

FIGURE 5. Uniform detection of let-7a RNA in HeLa cell lysates,
biplexed with a U6 RNA Invader assay for normalization. (A) Net
signals for let-7a RNA (open bars) and U6 RNA (gray bars) were
measured by a biplex Invader assay of NP-40 performed on lysates of
different numbers of HeLa cells. The signals detected for the miRNA
and the U6 RNA were from spectrally distinct FAM and Redmond Red
fluorophores, respectively. (B) The let-7a net signal values were di-
vided by the corresponding U6 RNA signal values to obtain a nor-
malized signal. The average of the four normalized let-7a values is
shown by the dashed line.
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using extinction coefficients for nucleosides and dinucleoside
monophosphates (Cantor et al. 1970).

Oligonucleotide design for the Invader miRNA assay

The probe and invasive oligonucleotides required for the primary
reaction of the Invader miRNA assay were designed to base pair to
equal halves of the miRNA of interest (i.e., for a 22-mer miRNA,
both the probe and invasive oligonucleotides formed 11 base pair
duplexes with the miRNA). For miRNAs with an odd number of
nucleotides, the miRNA region complementary to the probe was 1
nt longer than the region complementary to the invasive oligo-
nucleotide. The only exception to this rule was the design for 24-nt
AU-rich (71% AU) miR-135. For this miRNA, oligonucleotides
with 11, 12, 13, and 14 nt of complementarity to the miRNA were
tested and the design with a 14-nt probe region was found to be
optimal.

In all Invader miRNA assays the invasive and probe deoxy-
oligonucleotides were modified to include 2�-O-methylated stem–
loops at their 5� and 3� ends, respectively, to stabilize hybrids
containing the target RNA stacked between the two short base-pair
duplexes (Fig. 1C). The 2�-O-methylated stem–loop sequences
used in most assays for both the probe and invasive oligonucleo-
tides are listed in Table 1. The invasive oligonucleotide had a 3�
terminal overlapping nucleotide that was not complementary to
the miRNA sequence. The probe oligonucleotide had a 5� flap
sequence 5�-AACGAGGCGCAC that, when cleaved from the
probe in the primary reaction, is used in the secondary reaction
(Fig. 1B). When the 5� flap sequence would be partially comple-
mentary to the miRNA sequence, thereby extending the length of
the probe–miRNA heteroduplex, an alternative 5� flap sequence
(5�-CCGTCGCTGCGT) was used (see Table 1).

Cell lysis and RNA preparation

HeLa and Hs 578T cells (obtained from ATCC, catalog numbers
CCL-2 and HTB-126, respectively) were grown in Eagles MEM,
Earle’s salts (lacking Ca++), supplemented with 10% fetal calf se-
rum, nonessential amino acids, and Pluronic F68. They were
counted with a hemocytometer. Approximately 1 × 106 suspended
cells were pelleted by centrifugation at 1000g for 3 min, washed
once with 1 mL PBS (no MgCl2, no CaCl2; Invitrogen), and spun
down at 1000g for 3 min. The cell pellets were suspended in 100 µL
of 10 mM MOPS (pH 7.5), 100 mM KCl, and 2-µL cell aliquots
were removed and diluted with 98 µL of the lysis buffer containing
20 mM Tris-HCl (pH 8.5) 0.5% NP-40, 20 µg/mL tRNA (again, in
the absence of added divalent cations), and heated for 15 min at
80°C and centrifuged at 1000g for 3 min to remove debris. Samples
of total RNA from HeLa and Hs 578T cells were prepared using
TRIZOL reagent (Invitrogen) according to the manufacturer’s
procedures. RNA concentration was determined from the absorp-
tion at 260 nm (assuming that 1 A260 = 40 µg/mL). Samples of
total RNA from human tissues were purchased from Clontech.
The precursor form of let-7a was prepared using standard T7
transcription (Lund et al. 2003).

Invader miRNA assay

Invader reactions were performed in triplicate in 96-well micro-
plates (MJ Research, Inc.) using an Invader miRNA assay generic

reagent kit (#91-287; Third Wave Technologies, Inc.). To deter-
mine optimal temperature of the primary reaction, Invader reac-
tions were performed using 250-amole synthetic miRNA in a
heated-lid gradient thermal cycler over a temperature range of
40°C–60°C for 30 min, in 10-µL volumes containing 10 pmole of
each of the probe and invasive oligonucleotides. For no-target
controls, 10 ng/µL yeast tRNA (Sigma) was substituted for samples
or synthetic miRNA. To prevent evaporation, 10 µL of clear Chill-
Out 14 liquid wax (MJ Research, Inc.) were added to each reac-
tion.

Upon the completion of the primary reaction, 5 µL of a sec-
ondary reaction mixture including a FAM detection oligonucleo-
tide (#91–288; Third Wave Technologies, Inc.) and 40 pmole ar-
restor oligonucleotide were added to the primary reaction. The
secondary reaction was performed for 15 min at 60°C and the
fluorescence signal detected using a CytoFluor 4000 fluorescence
plate reader (Applied Biosystems) using 485/20 nm excitation and
530/25 nm emission filters for the FAM dye. The net fluorescence
signal was determined by subtracting the no-target signal from the
miRNA sample signal. The optimal reaction temperature was de-
fined as the temperature at which the highest net signal was ob-
served. To determine the miRNA level in a sample, 5 µL aliquots
of cell lysates or 50–100 ng of total RNA (in 5 µL) were used in the
10-µL primary reaction. The primary reaction was performed at
the optimal temperature determined for each miRNA for 60 to 90
min and the secondary reaction was performed at 60°C for 60 to
90 min. Five-microliter samples of synthetic miRNA with known
concentrations in the range 5 fM–5 pM (25 zmole–25 amole) were
used in the Invader assay to obtain a dose response curve for
miRNA quantitation in total RNA or cell lysate samples.

For biplex Invader miRNA assays, Invader GAPDH mRNA and
U6 RNA kits (#94–002; Third Wave Technologies, Inc.) were used
(Table 1), and their Redmond Red dye (Epoch Biosciences) signals
were detected using 560/20 nm excitation and 620/40 nm emission
filters.

Data analysis

Data were analyzed as described previously (Eis et al. 2001) using
Microsoft Excel 97 (Microsoft). Error propagation and analysis
were performed using standard error propagation methods (Bev-
ington 1969).
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