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ABSTRACT: In vitro selection was used to obtain L-RNA aptamers
that bind the distal stem-loop of various precursor microRNAs
(pre-miRs). These L-aptamers, termed “aptamiRs”, bind their
corresponding pre-miR target through highly specific tertiary
interactions rather than Watson−Crick pairing. Formation of a
pre-miR−aptamiR complex inhibits Dicer-mediated processing of
the pre-miR, which is required to form the mature functional
microRNA. One of the aptamiRs, which was selected to bind
oncogenic pre-miR-155, inhibits Dicer processing under simulated
physiological conditions, with an IC50 of 87 nM. Given that L-RNAs
are intrinsically resistant to nuclease degradation, these results
suggest that aptamiRs might be pursued as a new class of miR
inhibitors.

■ INTRODUCTION

MicroRNAs (miRs) are small, noncoding RNAs that act as
post-transcriptional regulators of gene expression.1 miRs are
involved in many important biological processes, including
development, differentiation, and apoptosis, and alterations in
their expression patterns can contribute to the pathogenesis of
human disease.2

The biogenesis of miRs is a multistep process, which begins
in the nucleus with the synthesis of a primary RNA transcript
(pri-miR). The pri-miR is cleaved by the nuclear endoribonu-
clease Drosha to form a precursor miR (pre-miR), which has an
extended stem−loop structure. The pre-miR then is exported
to the cytoplasm, where the type III ribonuclease Dicer excises
the distal portion of the stem−loop. This results in a mature
double-stranded miR that is loaded onto Argonaute protein and
used to guide the sequence-specific silencing of complementary
mRNA targets.
Because of the many important biological roles of miRs,

considerable effort has been made to develop tools for silencing
particular miRs, both to investigate their function and to
develop potential therapeutic agents. The most widely used
strategy for miR-specific silencing employs antisense oligonu-
cleotides (ASOs).3 These ASO-based inhibitors are designed to
hybridize via Watson−Crick pairing to the mature miR of
interest, presumably after it has assembled with Argonaute
protein, thereby preventing the RNA component of the
silencing complex from binding to its mRNA targets. For
most applications, ASOs are comprised of nuclease-resistant
oligonucleotide analogues, such as 2′-O-methyl oligonucleo-
tides (antagomirs),4 “locked” nucleic acids (antimiRs),5 or
peptide nucleic acids.6 Although some degree of specificity of
ASOs is assured due to the specificity of Watson−Crick pairing,

off-target effects resulting from partial complementarity to
other RNAs can limit the usefulness of this approach.7

A more target-specific strategy for silencing miRs would
employ inhibitors that recognize individual miRs or their
precursors based on their unique three-dimensional shape
rather than their nucleotide sequence. However, the thousands
of known miRs are all processed through the same enzymatic
pathway, which depends on common features of RNA
structure, essentially an extended stem−loop with imperfect
base pairing in the stem. This structural similarity seemingly
makes the development of miR-specific inhibitors a difficult
challenge.
It was recently shown that aptamers comprised of L-RNA, the

enantiomer of natural D-RNA, are capable of binding structured
D-RNA targets exclusively through tertiary interactions.8 This is
because D- and L-RNAs are incapable of forming contiguous
Watson−Crick pairs, forcing any cross-chiral recognition to
occur through tertiary interactions.9 Motivated by these earlier
findings, the present study demonstrates the ability of L-
aptamers to bind tightly and specifically to various D-miR
targets that are structurally very similar, but can be
distinguished based on differences of their tertiary structure.
Moreover, binding of an L-aptamer to the distal stem−loop of a
pre-miR inhibits Dicer-mediated cleavage, thus blocking
formation of the mature miR.

■ RESULTS AND DISCUSSION
Three human pre-miR targets were chosen for this study: pre-
miR-10b, pre-miR-33a, and pre-miR-155. miR-10b and miR-
155 are prototypical oncogenic miRs, and their overexpression
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has been associated with the development and invasiveness of
malignancies, including leukemias and breast cancer.2,10 miR-
33a is involved in cholesterol homeostasis and fatty acid
synthesis and is a potential therapeutic target for the treatment
of atherosclerosis.11

L-RNA aptamers must initially be selected as D-aptamers
against the enantiomer of the desired target,12 which enables
enzymatic amplification of the D-RNA during the process of in
vitro selection. Therefore, it was necessary to prepare L-RNA
versions of each pre-miR target by chemical synthesis using
commercially available L-nucleoside phosphoramidites. The
proximal stem portion of each L-pre-miR was truncated to
direct binding of the aptamers to the distal stem−loop (Figure
1a).

Two starting pools of D-RNAs were constructed, one
containing 50 and the other containing 60 random-sequence
nucleotides, each flanked by fixed primer-binding sites (Figure
1b). In vitro selection was carried out separately for each of the
three pre-miR targets, except during the first four rounds when
both pre-miR-10b and pre-miR-33a were present in the same
mixture. The pool of RNAs were incubated together with the
5′-biotinylated L-pre-miR target in a mixture containing either 5
mM MgCl2 (for pre-miR-10b and pre-miR-33a) or 10 mM
MgCl2 (for pre-miR-155), 150 mM NaCl, 0.1% TWEEN 20,

and 25 mM Tris (pH 7.6) at 23 °C. D-RNA molecules that
bound the L-pre-miR target were captured using streptavidin-
coated magnetic beads and subsequently washed with the
binding solution. Aptamers that remained bound then were
eluted using 25 mM NaOH, reverse transcribed, and amplified
by PCR. The resulting DNAs were used to transcribe a
corresponding pool of D-RNA molecules to begin the next
round of in vitro selection.
A total of six rounds were carried out against L-pre-miR-33a

and L-pre-miR-155, and seven rounds were carried out against
L-pre-miR-10b. The selection pressure was increased during
successive rounds by gradually increasing the duration of the
washing steps and by decreasing the concentrations of both the
population of D-RNAs and the target L-pre-miR. The progress
of the selection procedure was monitored informally by noting
the yield of PCR products obtained during each round of
selection. Following the final round, individual RNAs were
cloned from the population and sequenced (see Supporting
Information, Figure S1a−c).
Several clones from each population were analyzed for

binding to their cognate L-pre-miR using an electrophoretic
mobility-shift assay (EMSA). The highest affinity clone from
each population was trimmed of extraneous nucleotides, and
the corresponding L-RNA aptamer was prepared by solid-phase
synthesis. The resulting L-aptamers, termed aptamiRs, were
tested for their ability to bind full-length D-pre-miR targets. Not
surprisingly, each aptamiR has a unique sequence and predicted
secondary structure, which reflects its ability to bind to a
structurally distinct pre-miR target (Figure 2). The Kd values of
aptamiR-10b, aptamiR-33a, and aptamiR-155 for their cognate
pre-miRs are 20, 44, and 19 nM, respectively. No binding was
detected between these aptamiRs and the noncognate pre-
miRs, even at 1 μM aptamiR concentration (Figure 3a,c).
The L-aptamers were predicted to bind the distal stem−loop

of the pre-miRs because this region offered the best
opportunity to contact unpaired nucleotides. To investigate
this possibility, partial self-cleavage experiments were carried
out, comparing the pre-miRs either alone or when bound by
the aptamiR. The spontaneous self-cleavage of RNA is
dependent on accessing an in-line geometry between the 2′-
hydroxyl and vicinal phosphate at the site of strand scission.13

Therefore, structured RNA regions tend to be less susceptible
to self-cleavage compared to unstructured regions due to the
lack of rotational freedom needed to achieve this geometry.
Incubation of each pre-miR in the presence of a saturating

concentration of the corresponding aptamiR resulted in
significant protection of the distal stem−loop compared to
the behavior of this region in the absence of the aptamiR
(Figures 2 and S2a−c). There was no protection throughout
the proximal portion of the pre-miR stem. This suggests that
the aptamiR binds the pre-miR exclusively through nucleotides
in the distal loop and immediately adjacent portion of the stem.
Partial self-cleavage also was carried out for the D-RNA

version of aptamiR-155, in either the presence or absence of a
saturating concentration of L-pre-miR-155 (Figures 2c and
S3a). This aptamiR was chosen for analysis because a second in
vitro selection experiment was carried out for pre-miR-155 that
resulted in a distinct aptamer motif, which was analyzed
similarly (see below). In the bound state there was protection
of the majority of the D-aptamiR-155 residues, most notably on
the 5′-side of the large internal bulge loop. Taken together, the
partial self-cleavage experiments suggest that aptamiR-155
binds pre-miR-155 through interactions involving a substantial

Figure 1. Materials used for in vitro selection of aptamiRs. (a)
Sequence and secondary structure of truncated L-pre-miR-10b, L-pre-
miR-33a, and L-pre-miR-155, and of extended-length L-pre-miR-155.
(b) Sequences of the two pools of synthetic DNA molecules (S1 and
S2), containing either 50 (N50) or 60 (N60) random-sequence
nucleotides, flanked by binding sites for forward (Fwd1 or Fwd2) and
reverse (Rev1 or Rev2) primers. The T7 RNA polymerase promoter
sequence is underlined. Corresponding pools of RNAs contain either
50 or 60 random-sequence nucleotides flanked by fixed primer sites.
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portion of the aptamer and unpaired nucleotides within the
distal stem-loop of pre-miR-155.
Alteration of the distal stem-loop of pri- and pre-miRs has

been shown to interfere with miR biogenesis by inhibiting
cleavage by Drosha and Dicer, respectively.14 Therefore,
binding of an aptamiR to this region was expected to inhibit
Dicer-mediated cleavage of the pre-miR. Pre-miR-10b, pre-miR-
33a, and pre-miR-155 each were incubated in the presence of
20 nM human Dicer, together with various concentrations of
the corresponding aptamiR, under reaction conditions similar

to those used during in vitro selection (5 mM MgCl2, 100 mM
NaCl, pH 7.6, 23 °C). The initial velocity of the reaction was
measured in each case, and these data were used to determine
the IC50 value for aptamiR inhibition of Dicer cleavage (Figure
4). The IC50 values are 32, 46, and 52 nM for aptamiR-10b,

aptamiR-33a, and aptamiR-155, respectively, which are in good
agreement with the corresponding Kd values determined for the
pre-miR−aptamiR complexes. This suggests that formation of
the complex inhibits Dicer cleavage by preventing the enzyme
from binding the pre-miR. As expected, addition of 1 μM
nonmatching aptamiR had no significant effect on Dicer-
mediated cleavage of the pre-miR (Figure S4a−c).
In order for aptamiRs to be useful tools for inhibiting specific

miRs in a biological context, they must bind their target under

Figure 2. Sequence and secondary structure of pre-miRs and corresponding aptamiRs, showing protection of nucleotide positions against self-
cleavage in the pre-miR−aptamiR complex compared to the molecules in isolation. (a) Pre-miR-10b and aptamiR-10b. (b) Pre-miR-33a and
aptamiR-33a. (c) Pre-miR-155 and aptamiR-155. (d) Pre-miR-155 and aptamiR-155.2. Level of red intensity (low, medium, high) corresponds to
level of protection (15−30%, 30−50%, >50%, respectively), which was determined for all circled positions. Boxes indicate nucleotide positions with
increased susceptibility to self-cleavage (>30%) in the complex. Arrows indicate Dicer cleavage sites.

Figure 3. Binding affinity and specificity of the pre-miR−aptamiR
complexes. (a) Saturation plot for binding of aptamiR-10b (white),
aptamiR-33a (gray), and aptamiR-155 (black) to their corresponding
pre-miRs. (b) Saturation plot for binding of aptamiR-155.2 to pre-
miR-155 under simulated physiological conditions. Data were obtained
in triplicate and fit to the equation: Fbound = [aptamiR]/(Kd +
[aptamiR]). (c) EMSA demonstrating binding of each aptamiR to its
cognate, but not noncognate, pre-miRs. All mixtures contained 0.1 nM
[5′-32P]-labeled pre-miR, 1 μM aptamiR, 5 mM MgCl2, and 150 mM
NaCl at pH 7.6 and 23 °C. (d) Specificity of aptamiR-155.2 for pre-
miR-155, measured similarly, but in the presence of 0.5 mM MgCl2 at
37 °C.

Figure 4. Inhibition of Dicer cleavage of pre-miRs by corresponding
aptamiRs. (a) Pre-miR-10b and aptamiR-10b. (b) Pre-miR-33a and
aptamiR-33a. (c) Pre-miR-155 and aptamiR-155. (d) Pre-miR-155 and
aptamiR-155.2. Values for kobs were obtained based on the initial
velocity of the reaction for various concentrations of aptamiR and used
to calculate IC50 values.
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physiologically relevant conditions (e.g., 0.5 mM MgCl2, 150
mM KCl, pH 7.6, 37 °C), rather than the conditions that were
employed during in vitro selection (see above). However, when
tested under simulated physiological conditions, neither
aptamiR-10b nor aptamiR-155 was able to bind its target.
AptamiR-33a was capable of binding pre-miR-33a under these
conditions, but with substantially reduced affinity (Kd = 1.3
μM; Figure S5a). These results are not surprising given the
strong dependence of RNA structure on both temperature and
Mg2+ concentration. Therefore, a second in vitro selection
experiment was carried out against pre-miR-155 with the aim of
isolating aptamiRs that function under physiologically relevant
conditions. D-RNA molecules from the completed first round of
the previous pre-miR-155 selection served as the starting
population for this experiment.
Ten additional rounds of in vitro selection were carried out as

before, but using an extended-length L-pre-miR-155 as the
target (Figure 1a). Over the course of this selection, the
concentration of Mg2+ was gradually reduced from 20 to 2 mM
and the temperature for the binding and washing steps was
increased from 23 to 37 °C. Random mutations were
introduced to the population through error-prone PCR15

after rounds four and seven. Following the 11th round of in
vitro selection, the amplified DNA was cloned and sequenced
(Figure S1d).
As before, the highest affinity clone was trimmed of

extraneous nucleotides and the corresponding L-RNA aptamer,
aptamiR-155.2, was prepared by solid-phase synthesis.
AptamiR-155.2 shares little sequence similarity or predicted
secondary structure homology with aptamiR-155 (Figure 2c,d).
This suggests that binding of D-RNA by L-aptamers under
physiologically relevant conditions requires different and
presumably more stable RNA structures compared to L-
aptamers that operate under more stabilizing conditions. In
addition, these results demonstrate the importance of selecting
L-aptamers under conditions relevant to their eventual use.
AptamiR-155.2 binds pre-miR-155 with a Kd of 11 nM under
simulated physiological conditions, as determined by EMSA
(Figure 3b). The affinity of aptamiR-155.2 for pre-miR-155 is
nearly unchanged under the more stabilizing selection
conditions that were used previously (Figure S5b). No binding
was observed between aptamiR-155.2 and the noncognate pre-
miRs, even at 1 μM aptamiR concentration (Figure 3d).
As with the other aptamiRs, aptamiR-155.2 binds its pre-miR

target through the distal stem−loop, as revealed by partial self-
cleavage experiments (Figures 2d and S2d). The footprint of
aptamiR-155.2 on pre-miR-155 is distinct from that of aptamiR-
155 (Figure 2c), which likely represents differences in the
specific contacts used by these two aptamers.
AptamiR-155.2 and other clones that were isolated following

this in vitro selection procedure contain several consecutive G
residues (Figure S1d). One might imagine these residues
binding to the consecutive U residues on the 5′-side of the
distal stem-loop of pre-miR-155 (Figure 2d). Such Watson−
Crick (wobble) pairing is prohibited between D- and L-RNAs,
but perhaps a contorted Watson−Crick-like geometry is
possible within the context of overriding tertiary interactions.
In support of this hypothesis, both the G residues of the
aptamiR and the U residues of the pre-miR are protected
against self-cleavage in the complex compared to the molecules
in isolation. As a test, the G residues of the aptamer were
mutated in pairwise fashion to A, potentially retaining Watson−
Crick-like pairing, but this resulted in a complete loss of

binding (Figure S6). When instead the U residues of the
aptamer were mutated to C, binding was retained for two of the
four changed positions. However, when those same residues
were mutated to A, binding still was preserved, suggesting that
the nucleotide identity of these positions is not critical.
As a final test of the specificity of binding, both aptamiR-

155.2 and the isolated clone with the second highest affinity for
pre-miR-155 (clone 11-3; Figure S1d) were tested for their
ability to bind the mouse homologue of pre-miR-155. The
human and mouse forms differ only in the distal stem−loop,
with the human pre-miR-155 having the sequence 5′-UUGCC-
UCCAA-3′ and the mouse form having the sequence 5′-
UGGCCUCUGA-3′ (nucleotide differences underlined). De-
spite these subtle differences, the aptamiRs raised against
human pre-miR-155 are unable to bind the mouse homologue.
The ability of aptamiR-155.2 to inhibit Dicer-mediated

cleavage of pre-miR-155 was examined under physiologically
relevant conditions. Pre-miR-155 was incubated with 20 nM
Dicer in a reaction mixture containing 1 mM MgCl2 and 100
mM NaCl at pH 7.6 and 37 °C, together with various
concentrations of aptamiR-155.2. AptamiR-155.2 exhibited
concentration-dependent inhibition of pre-miR-155 cleavage,
with an IC50 of 87 nM (Figure 4d). This value is ∼8-fold higher
than the observed Kd for binding of aptamiR-155.2 to pre-miR-
155, which may reflect the enhanced activity of Dicer at 37 °C
compared to 23 °C. In contrast, aptamiR-155 was unable to
inhibit Dicer cleavage under physiologically relevant conditions.
Dicer-mediated cleavage of pre-miR 10b and pre-miR 33a was
not affected by the presence of aptamiR-155.2 (Figure S4d,e),
again demonstrating the specificity of the pre-miR−aptamiR
interaction.

■ CONCLUSIONS
Pre-miRs are generally regarded as similarly structured stem−
loops with few distinguishing features. However, their
individual sequences impart subtle structural differences that
cause every pre-miR to adopt a unique three-dimensional
shape. AptamiRs can recognize these subtle differences because
RNAs of opposing chirality must interact through tertiary
interactions rather than base pairing.8 This is in contrast to D-
RNA aptamers, which have a strong tendency to recognize D-
RNA targets through complementary interactions,16 and ASOs,
which by design recognize their targets through Watson−Crick
pairing. As a result, aptamiRs may prove to be more specific for
binding their target and less susceptible to off-target
interactions. Furthermore, aptamiRs do not necessarily need
to overcome the local secondary structure of the target, instead
adapting to the tertiary structure.
The aptamiRs described here exhibit both high affinity and

high specificity for their target pre-miR. When selected to
operate under physiologically relevant conditions of salt, pH,
and temperature, they function accordingly. Because aptamiRs
are comprised entirely of L-nucleotides, they are inherently
resistant to degradation by nucleases. Thus, aptamiRs, and L-
RNA aptamers in general, might be pursued as an alternative to
ASOs for inhibiting the function of structured biological RNAs.
It is not clear whether the target specificity of aptamiRs

observed in vitro will translate to the cellular context. These L-
RNA molecules will not engage in Watson−Crick pairing with
biological D-RNAs, but may bind off-target RNAs in an
idiosyncratic manner. Furthermore, the conditions of in vitro
selection can only simulate physiological conditions and do not
reflect the exact conditions of the cellular milieu. Nonetheless,
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as experience grows with L-RNA aptamers directed against
protein targets, including compounds that are currently in
phase II human clinical trials,17 the opportunity to target
structured RNAs with L-RNA aptamers is likely to grow.

■ EXPERIMENTAL SECTION
Materials. Oligonucleotides were either purchased from IDT

(Coralville, IA) or prepared by solid-phase synthesis using an Expedite
8909 DNA/RNA synthesizer, with reagents and nucleoside phosphor-
amidites purchased from Glen Research (Sterling, VA), except L-2′-
tert-butyldimethylsilyl phosphoramidites, which were from Chem-
Genes (Wilmington, MA). For coupling of degenerate nucleotides
(N), the concentration ratios of the four nucleoside phosphoramidites
A:T:G:C were 3.0:2.0:2.3:2.5, respectively, to achieve equal coupling
efficiencies. All oligonucleotides were purified by denaturing
polyacrylamide gel electrophoresis (PAGE) and desalted by ethanol
precipitation. Histidine-tagged T7 RNA polymerase was purified from
E. coli strain BL21 containing plasmid pBH161 (provided by William
McAllister, State University of New York, Brooklyn). Thermus
aquaticus (Taq) DNA polymerase was cloned from total genomic
DNA and prepared as described previously.18 Superscript II RNase H−

reverse transcriptase, Turbo DNase, and streptavidin-coated magnetic
beads (Dynabeads, MyOne Streptavidin C1) were from Life
Technologies (Carlsbad, CA). Full-length human Dicer protein was
provided by Ian MacRae (The Scripps Research Institute, La Jolla,
CA). Nucleoside and deoxynucleoside 5′-triphosphates were pur-
chased from Sigma-Aldrich (St. Louis, MO) and [γ-32P]ATP was from
PerkinElmer (Waltham, MA).
In Vitro Selection. Libraries of dsDNAs were generated by

templated extension of 300 pmol reverse primer (Rev1 or Rev2) on
200 pmol template (S1 or S2, respectively; Figure 1b) in a 50-μL
reaction mixture containing 10 U/μL Superscript II reverse tran-
scriptase, 3 mM MgCl2, 75 mM KCl, 50 mM Tris (pH 8.3), and 0.25
mM each of the four dNTPs. The products of the extension reaction
were added directly to a 500-μL transcription reaction containing 15
U/μL T7 RNA polymerase, 25 mM MgCl2, 10 mM DTT, 2 mM
spermidine, 40 mM Tris (pH 7.9), and 5 mM each NTP, which was
incubated at 37 °C for 2.5 h. Then 0.1 U/μL Turbo DNase was added,
and the incubation was continued for 1 h. The reaction products were
ethanol precipitated, and the RNAs were purified by PAGE and
subsequent ethanol precipitation.
The S1-derived RNA pool was used to select aptamiRs that bind

pre-miR-155, and the S2-derived pool was used to select aptamiRs that
bind either pre-miR-10b or pre-miR-33a. Either a 300- or 500-μL
reaction mixture (for S1 or S2, respectively), containing either 1 or 2
nmol RNA (for S1 or S2, respectively), 150 mM NaCl, and 25 mM
Tris (pH 7.6), was heated at 70 °C for 1 min and then slowly cooled
to 23 °C. An equal volume of a solution containing either 20 or 10
mM MgCl2 (for S1 or S2, respectively), 150 mM NaCl, 25 mM Tris
(pH 7.6), and 0.1% TWEEN-20 was added, and the combined mixture
was incubated with 1 mg Dynabeads that had been preblocked with
tRNA at 23 °C for 1 h. The beads were discarded to remove bead-
binding RNAs. Then either 200 pmol L-pre-miR-155 or 100 pmol each
of L-pre-miR-10b and L-pre-miR-33a (for S1 or S2, respectively; Figure
1a) were added to the supernatant. The mixture was incubated at 23°
for 30 min before adding 2 mg Dynabeads. After shaking at 23 °C for
15 min, the beads were washed four times with a 1-mL solution
containing either 10 or 5 mM MgCl2 (for S1 or S2, respectively), 150
mM NaCl, 25 mM Tris (pH 7.6), and 0.1% TWEEN-20. Then the
bound RNAs were eluted with two 200-μL volumes of a solution
containing 25 mM NaOH and 1 mM EDTA.
The eluted material was neutralized with 1 M Tris (pH 7.6) and

ethanol precipitated, and then the RNAs were reverse transcribed in a
100-μL reaction mixture containing 1 μM of either Rev1 or Rev2 (for
S1 or S2, respectively), 10 U/μL Superscript II reverse transcriptase, 3
mM MgCl2, 75 mM KCl, 50 mM Tris (pH 8.3), and 0.25 mM each
dNTP. After 1 h at 42 °C, the enzyme was inactivated by heating the
mixture at 70 °C for 5 min. The cDNAs were amplified by PCR using
either Fwd1 and Rev1 (for S1) or Fwd2 and Rev2 (for S2), and the

resulting dsDNAs were used to transcribe RNAs to begin the next
round of in vitro selection.

The lineage to select D-RNAs that bind either L-pre-miR-10b or L-
pre-miR-33a was carried out for 4 rounds with both targets present,
and then the population was split and the two pre-miRs were targeted
separately in subsequent rounds. The amounts of pool and target
RNA, respectively, were decreased progressively: 300 and 50 pmol in
round 2, 100 and 50 pmol in rounds 3 and 4, 50 and 25 pmol in round
5, and 30 and 15 pmol in round 6. The L-pre-miR-33a lineage was
carried out for a seventh round, using 15 and 10 pmol of pool and
target RNA, respectively. The duration of the washing steps was
increased over successive rounds, starting with 5 min in the first round
and progressing to 2 h by the final round. The lineage to select D-
RNAs that bind L-pre-miR-155 was carried out for 6 rounds. The
amount of pool RNA was decreased progressively: 500 pmol in round
2, and 300 pmol in rounds 3−6. The duration of the washing steps was
increased progressively, as mentioned above.

A branched lineage was initiated starting with material obtained
after the first round of selection for binding to L-pre-miR-155, but
progressing toward more physiological conditions and selecting for
binding to extended-length L-pre-miR-155 (Figure 1a). The procedure
was the same as mentioned above, except that the temperature was 37
°C and the concentration of MgCl2 was decreased progressively: 20
mM in rounds 2−4, 5 mM in round 5, and 2 mM in rounds 7−11. The
amounts of pool and target RNA, respectively, were decreased
progressively: 500 and 200 pmol in round 2, 300 and 100 pmol in
round 3, 200 and 100 pmol in round 4, 300 and 100 pmol in round 5,
100 and 50 pmol in rounds 6−8, 300 and 50 pmol in round 9, and 100
and 50 pmol in rounds 10−11. Error-prone PCR15 was performed
after rounds 4 and 7 to introduce additional mutations to the
population.

After the final round of each selection, the dsDNAs were cloned
into E. coli using the TOPO TA Cloning Kit (Life Technologies). The
bacteria were grown for 16 h at 37 °C on LB agar plates containing 50
μg/mL carbenicillin. Individual colonies were amplified by PCR and
sequenced by Genewiz Inc. (La Jolla, CA) (Figure S1).

Preparation of D-pre-miRs. Full-length D-pre-miRs were prepared
by ligation of two synthetic oligonucleotides. For pre-miR-10b these
were 5′-UACCCUGUAGAACCGAAUUUGUGUGGUAUCCG-3′
and 5′-pUAUAGUCACAGAUUCGAUUCUAGGGGAAU-3′; for
pre-miR-133a these were 5′-GUGCAUUGUAGUUGCAUUG-
CAUGUUCUGGUGG-3′ and 5′-pUACCCAUGCAAUGUUUCCA-
CAGUGCAUCAC-3′; and for pre-miR-155 these were 5′-UUAA-
UGCUAAUCGUGAUAGGGGUUUUGCC-3′ and 5′-pUCCAA-
CUGACUCCUACAUAUUAGCAUUAACA-3′. A 500-μL reaction
mixture containing 5 nmol each of the two RNAs, 10 mM MgCl2, 1
mM DTT, and 50 mM Tris (pH 7.5) was heated at 70 °C for 1 min
and then slowly cooled to 23 °C. Then 400 U/μL T4 RNA ligase was
added, and the mixture was incubated at 23 °C for 2 h. The reaction
products were ethanol precipitated, and the ligated RNAs were
purified by PAGE and subsequent ethanol precipitation.

Electrophoretic Mobility-Shift Assay (EMSA). Dissociation
constants of the pre-miR−aptamiR complexes were determined by
EMSA, as described previously.8 0.1 nM [5′-32P]-labeled D-pre-miR
RNA was incubated with various concentrations of L-aptamiR in the
presence of either 0.5 or 5 mM MgCl2, 150 mM NaCl, 25 mM Tris
(pH 7.6), and 0.1 mg/mL tRNA for 30 min at either 23 or 37 °C.
Samples were loaded on a 10% nondenaturing polyacrylamide gel
(29:1 acylamide:bis-acrylamide) that had been preheated to the
incubation temperature and contained either 0.5 or 5 mM MgCl2, 50
mM NaOAc, and 10 mM Tris (pH 7.6). The current was maintained
at <50 mA during the electrophoresis. Bound and unbound D-pre-miR
RNAs were quantified using a PharosFX Plus Molecular Imager
(BioRad, Hercules, CA). Kd values were determined by fitting the data
to the equation: Fbound = [aptamiR]/(Kd + [aptamiR]).

Structural Probing by Partial Self-Cleavage. A 50-μL reaction
mixture was prepared, containing 20 nM [5′-32P]-labeled D-aptamiR or
D-pre-miR RNA, either none or 5 μM unlabeled partner RNA, either 1
mM MgCl2 (for aptamiR-155.2) or 5 mM MgCl2 (for aptamiR-10b,
-33a, and -155), 150 mM NaCl, and 25 mM Tris (pH 8.0). The
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mixture was incubated at either 37 °C for 24 h (for aptamiR-155.2) or
23 °C for 48 h (for aptamiR-10b, aptamiR-33a, and aptamiR-155).
The products were analyzed by PAGE and quantitated as described
above (Figures S2 and S3).
AptamiR Inhibition of Dicer-Mediated Cleavage. Dicer

cleavage was carried out in a 20-μL reaction mixture containing 0.1
nM [5′-32P]-labeled pre-miR, various concentrations of aptamiR, 0.4
pmol human Dicer, either 1 mM MgCl2 (for aptamiR-155.2) or 5 mM
MgCl2 (for aptamiR-10b, -33a, and -155), 100 mM NaCl, 25 mM Tris
(pH 7.6), 10 mM DTT, 200 μg/mL BSA, and 50 μg/mL tRNA. The
reactions were quenched by adding a 5-fold volume of 95%
formamide/10 mM EDTA. The products were analyzed by PAGE
to determine the fraction cleaved at various times. Values for kobs were
determined for each concentration of aptamiR based on a linear fit of
the data over the first 15% of the reaction. IC50 values were obtained
by fitting the kobs values to the equation: kobs = kobs‑min + {(kobs‑max −
kobs‑min)/(1 + [aptamiR]/IC50)}, where kobs‑max is the observed rate in the
absence of aptamiR and kobs‑min is the calculated rate at infinite
aptamiR concentration.
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