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TRBP alters human precursor microRNA processing
in vitro

HO YOUNG LEE' and JENNIFER A. DOUDNA"?343

'Department of Molecular and Cell Biology, Howard Hughes Medical Institute and *Department of Chemistry, University of California,
Berkeley, Berkeley, California 94720, USA
“*Physical Biosciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

ABSTRACT

MicroRNAs play central roles in controlling gene expression in human cells. Sequencing data show that many miRNAs are
produced at different levels and as multiple isoforms that can vary in length at their 5’ or 3’ ends, but the biogenesis and
functional significance of these RNAs are largely unknown. We show here that the human trans-activation response (TAR) RNA
binding protein (TRBP), a known molecular partner of the miRNA processing enzyme Dicer, changes the rates of pre-miRNA
cleavage in an RNA-structure-specific manner. Furthermore, TRBP can trigger the generation of iso-miRNAs (isomiRs) that are
longer than the canonical sequence by one nucleotide. We show that this change in miRNA processing site can alter guide
strand selection, resulting in preferential silencing of a different mRNA target. These results implicate TRBP as a key regulator of

miRNA processing and targeting in humans.

Keywords: RNAi; Dicer; TRBP; miRNA; post-transcriptional gene silencing

INTRODUCTION

MicroRNAs (miRNAs) are 21- to 24-nt noncoding RNAs
that regulate mammalian gene expression post-transcrip-
tionally through sequence complementarity to mRNA tar-
gets. Base pairing between a miRNA and a complementary
mRNA leads to mRNA degradation (Guo et al. 2010) and/
or repression of protein synthesis (Humphreys et al. 2005;
Petersen et al. 2006). Beginning in the nucleus, precursor
miRNAs are produced by cleavage of primary RNA tran-
scripts and exported in a partially processed pre-miRNA
form. Once in the cytoplasm, the endoribonuclease Dicer
catalyzes further cleavage of these RNAs to produce the
functional guide sequences used to regulate the translation
or degradation of specific mRNAs.

Deep sequencing data have revealed that miRNAs are
present in different amounts according to tissue type and
developmental stage (Morin et al. 2008; Fernandez-Valverde
et al. 2010; Lee et al. 2010). Furthermore, many miRNAs are
expressed in variant forms called isomiRs that differ by one
or more nucleotides at the 5" or 3’ end of the miRNA se-
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quence (Lu et al. 2005; Sotiropoulou et al. 2009; Fernandez-
Valverde et al. 2010; Marti et al. 2010). It is not known how
most of these isomiRs are produced or regulated, and how
they may contribute to gene regulation.

As the enzyme responsible for processing most miRNAs
in the eukaryotic cytoplasm, Dicer must recognize a variety
of dsRNA substrates as well as various proteins that are part
of the RNA interference (RNAi) machinery. In particular,
Dicer binds to the trans-activation response (TAR) RNA
binding protein (TRBP) and also interacts with proteins in
the Argonaute (Ago) family of endonucleases (Chendrimada
et al. 2005; Haase et al. 2005). Dicer processes different kinds
of dsRNA substrates at rates that differ by ~100-fold, and
TRBP can enhance the processing rates of these substrates
(Chakravarthy et al. 2010). Although it is unknown how
miRNA processing kinetics may affect their steady-state
concentrations, mutation or truncation of TRBP has been
observed in several cancers in which altered miRNA levels
are also detected (Melo et al. 2009; Ryan et al. 2010). These
data suggest a possible regulatory role of TRBP in miRNA
biogenesis.

The large pool of pre-miRNAs predicted to occur in vivo
is diverse in both sequence and secondary structure, pro-
viding the potential for differential processing by Dicer or
Dicer—-TRBP complexes. To test this possibility, we measured
the kinetics of dsRNA processing using purified Dicer and a
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The effect of TRBP on miRNA processing by Dicer

Dicer-TRBP complex with a set of natural and systematically
designed pre-miRNA substrates. The results of these ex-
periments show that Dicer discriminates among different
substrates according to their structure. In addition, TRBP
influences substrate recognition and processing by Dicer.
We show that for specific substrates, TRBP leads to the pro-
duction of isomiRs that are 1 nt longer than the miRNAs
produced by Dicer alone, which can silence distinct mRNA
targets, apparently due to changes in guide-strand selection.
These results support a model in which TRBP functions
as a key regulator of both dicing kinetics and isomiR
generation.

RESULTS

Substrate-specific effects of TRBP on Dicer kinetics

To test the possibility that different pre-miRNAs are
processed at distinct rates by Dicer and to determine how
these rates are affected by TRBP, we measured in vitro
dicing kinetics of several structurally diverse pre-miRNAs
including pre-let-7a, pre-miR-21, pre-miR-31, pre-miR-29,
pre-miR-200a, pre-miR-34c, pre-miR-16, pre-miR-342, pre-
miR-125b-1, and pre-miR-101 (Fig. 1; Supplemental Figs.
S1, S2). These pre-miRNAs were selected based on dif-
ferences in their predicted secondary structures and the
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functional significance of the mRNAs they are thought to
regulate.

Although all of these substrates yielded the predicted
miRNA products when incubated with Dicer, processing
rates varied substantially (Supplemental Fig. S1). In par-
ticular, pre-let-7a and pre-miR-21 cleavage rates differed by
more than fivefold under multiple-turnover conditions and
at physiological salt concentrations (Fig. 1A,B). Let-7a is a
tumor suppressor miRNA that is abundant in many cells
(Long et al. 2009), and miR-21 is a proto-oncogenic miRNA
that is commonly overexpressed in cancers (Si et al. 2007).
The observed difference in processing kinetics of these two
RNAs indicates that Dicer distinguishes between different
pre-miRNA substrates, despite similarities in their over-
all predicted secondary structure. Although pre-miR-21
binds more tightly to Dicer than does pre-let-7a (Table 1),
potentially explaining slower turnover on the enzyme, sim-
ilar differences in processing rates occurred under single-
turnover conditions (enzyme in excess over substrate) (Fig.
1B). This implies that substrate discrimination by Dicer
occurs downstream from binding. In the presence of TRBP,
the difference in processing rates between pre-let-7a and
pre-miR-21 is more pronounced, such that pre-miR-21 is
processed 11-fold slower than pre-let-7a in multiple turn-
over dicing assays (Fig. 1B). This finding suggests that the
effect of TRBP may vary according to substrate.

Both RNA loop and stem structure
affect Dicer-TRBP processing rates

We reasoned that the different dicing
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FIGURE 1. TRBP affects the kinetics of pre-miR processing by Dicer. (A) The predicted
secondary structure of pre-let-7a and pre-miR-21. (B) Pre-let-7a and pre-miR-21 processing
by Dicer and Dicer—TRBP in single turnover conditions ([Dicer] = 400 nM, [Dicer—TRBP] =
50 nM, [RNA] = 2 nM) and in multiple turnover condition ([Dicer], [Dicer—TRBP] = 5 nM,
[RNA] = 50 nM; graphs represent data from three experimental replicates).

alone.

We next measured pre-miRNA pro-
cessing rates of chimeric substrates un-
der both single- and multiple-turnover
conditions (Fig. 2B). Under the multiple
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TABLE 1. Equilibrium dissociation constants (Kgs) for protein—-RNA
complexes

Dicer® (nM) Dicer—TRBPP (pM)
Pre-let-7a 13.8 £ 2.5 453 * 24.1
Pre-miR-21 4.7 £ 0.9 38.0 = 25.3
HL1 51.3 £ 17.5 103.1 = 27.3
HL2 66.4 = 22.6 93.2 = 31.9
HL3 26.6 = 7.4 58.0 = 25.4
HL4 46 = 0.8 59.2 = 29.8

“Kgas were measured by filter binding assay. Data were analyzed
with a standard binding isotherm: fraction bound = A X [protein]/
(Kg + [protein]), where A is the amplitude of the binding curve.

Because of the extremely low Kgs for these complexes, it was not
possible to lower the RNA concentration sufficiently below Ky, and
the actual Ky could be lower than the number reported here. The
binding isotherms were fit with the solution of a quadratic equation
describing a bimolecular dissociation reaction (Maag and Lorsch
2003).

turnover condition tested (50 nM substrate, 5 nM enzyme),
substrate concentration is saturating for Dicer—-TRBP,
implying that kinetic differences arise from steps that occur
downstream from binding (i.e., conformational change or
keat). The results of these experiments revealed structural
elements that influence Dicer—TRBP processing rates.
Using sets of closely related substrate RNAs, we found that
the cleavage site structure is important for pre-miRNA
processing by Dicer—-TRBP (cf. HL1 and HL2) (Fig. 2B).
HL1 contains the pre-let-7a loop and the pre-miR-21 stem
and is processed even slower than pre-miR-21 by both
Dicer and Dicer—TRBP, suggesting that the stem structure
retards processing of pre-miR-21. A single nucleotide in-
sertion at the cleavage site to create a base pair with the
otherwise unpaired nucleotide bulge present in the pre-
miR-21 stem (HL2) leads to 14-fold and 32-fold increases
in processing rates by Dicer and Dicer—TRBP, respectively
(Fig. 2B). TRBP-dependent sensitivity to a cleavage site bulge
was also observed for processing of pre-miR-125b and its
paired cleavage-site mutant, with a threefold rate increase
observed for the mutant relative to the native RNA (Fig. 2C).

To test the effect of helical stem length on pre-miRNA
processing rates catalyzed by Dicer or Dicer—TRBP, five
additional base pairs derived from pre-miR-21 were in-
serted onto the end of the HL2 stem to form HL3 (Fig. 2A,B).
HL3 was cleaved more slowly than HL2 by both Dicer—
TRBP and Dicer. Enzyme turnover was hampered only for
Dicer, and not for Dicer—-TRBP in multiple turnover con-
ditions (Fig. 2B). This suggests that TRBP may facilitate not
only substrate binding but also product release after Dicer
cleavage in the case of HL3.

To examine the effect of RNA loop size on pre-miRNA
processing rates, we prepared a Dicer substrate with a
smaller loop than HL2 (HL4) (Fig. 2A). For the Dicer—TRBP
complex, the small loop size decreased the processing rate,
whereas for Dicer alone the processing rate increased in both

2014 RNA, Vol. 18, No. 11

single turnover and multiple turnover dicing assays (Fig. 2B).
Binding affinities were also affected: For Dicer, the sub-
strate with a smaller loop (HL4) shows 14-fold tighter
binding than the substrate with a larger loop (HL2) (Table 1).
For Dicer-TRBP, the differences in Kygs between substrates
are less significant (less than twofold) (Table 1). Because
HL2 is processed faster than HL4 by the Dicer—TRBP
complex under both single and multiple turnover condi-
tions, it is possible that the large loop is helpful in localizing
the substrate in the right position for catalysis and also in
releasing products.

Inhibitory effect of TRBP in pre-miR processing

In previous experiments (Chakravarthy et al. 2010) as well
as in the experiments described above, TRBP stimulated the
rate of pre-miRNA processing to different extents depend-
ing on the substrate. However, this effect was not universal.
Among the natural pre-miRNAs tested using in vitro dicing
assays, pre-miR-31 differed notably from the others in that
its processing by Dicer was inhibited fivefold in the pre-
sence of TRBP (Fig. 3A). The chimeric substrate HL5 was
also cleaved threefold slower by Dicer in the presence of
TRBP. Both pre-miR-31 and HL5 have an unpaired nucle-
otide bulge at the cleavage site in the stem, suggesting a
possible role of RNA stem structure in the observed in-
hibitory effect of TRBP. Consistent with this hypothesis,
mutation of pre-miR-31 to create canonical base pairs at
the Dicer cleavage site produced an RNA substrate that was
processed three times faster than wild-type pre-miR-31 by
the Dicer—TRBP complex (Fig. 3B). These results suggest
that TRBP is not a general enhancer of Dicer activity, but
instead has opposing functions depending on the structure
of the dsRNA substrate.

TRBP stimulates 5’- and 3’-isomiR production
in a substrate-specific manner

Deep sequencing data show that some miRNAs occur in
cells as multiple isoforms whose lengths and sequences can
vary by one or more nucleotides at the 5" or 3’ ends (Lee
et al. 2010; Marti et al. 2010). In Drosophila, these isomiRs
fluctuate during the course of development and may be
actively regulated (Fernandez-Valverde et al. 2010). The
detection of isomiRs in immunoprecipitated samples of
human and mouse Argonaute proteins suggests that these
RNAs are functional as gene expression regulators (Meister
et al. 2004; Chi et al. 2009; Marti et al. 2010). However, it
is unclear how isomiRs are produced and regulated and
what their functional significance may be. In particular, 5’
isomiRs, which are less abundant than 3" isomiRs in nature,
could be functionally significant because they can change
the seed sequence that is the primary determinant of mRNA
target recognition, thereby changing potential target
transcripts.
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We found that Dicer itself can generate isomiRs in some
cases (pre-miR-29 and pre-miR-34c) (Supplemental Fig. S2).
Furthermore, we found that TRBP association to Dicer induces
or enhances production of isomiRs that are 1 nt longer at the

5'-strand miRNA in the cases of pre-
miR-200a, pre-miR-34c, and pre-miR-
29 (Fig. 4A; Supplemental Fig. S2). In
particular, pre-miR-200a processing by
Dicer-TRBP generates 1-nt-longer iso-
miR-200a (miR-200a-3p) and isomiR-
200a* (* indicates a passenger strand,
miR-200a-5p) by shifting the cleavage
site on the stem 1 nt up for both strands
relative to the original cleavage site of
Dicer. We validated the cleavage sites of
pre-miR-200a by sequencing the prod-
ucts of in vitro pre-miR-200a dicing as-
says (Fig. 4B). Although the mechanism
by which TRBP affects Dicer processing
is not understood, it is possible that
TRBP alters pre-miR positioning on Dicer
by interacting with RNA substrates di-
rectly or by changing Dicer conformation.

Functional effects of differential
cleavage upon TRBP association

Following Dicer-catalyzed cleavage, the
product dsRNA is expected to be loaded
into Argonaute protein complexes such
that the guide strand functions in target
recognition as part of an active RNA-
induced silencing complex (RISC),
while the passenger strand is eliminated
(Matranga et al. 2005; Rand et al. 2005;
Leuschner et al. 2006). Experiments in
Drosophila extracts showed that guide
strand selection is determined primarily
by the thermodynamic stability of the
product miRNA duplex ends (Khvorova
et al. 2003; Schwarz et al. 2003). For this
reason, changes in product dsRNA
length can change the relative end sta-
bilities, potentially leading to changes in
strand selection during RISC assembly.

To test this possibility in human
cells, we used a luciferase reporter assay
in HEK293 cells to investigate the si-
lencing activity of RNAs corresponding
to the miRNA products produced by
cleavage of pre-miR-200a by Dicer or
Dicer—TRBP. Two different dsRNAs were
used in transfection experiments, one
corresponding to the product from
Dicer processing (dsRNA-D) and the

A

other, 1 nt longer, corresponding to the unique product
from Dicer—TRBP processing (dsRNA-T) (Fig. 4B). Lucifer-
ase reporter mRNAs were designed to contain four targeting
sites complementary to either the miR-200a-5p (HL93) or
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FIGURE 2. (Legend on next page)
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miR-200a-3p (HL94) (Fig. 4C). Each luciferase reporter
construct was cotransfected together with one of the
dsRNAs, dsRNA-D or dsRNA-T, to test the silencing effects
of each strand in HEK293 cells (Fig. 4C). Dicer product
dsRNA-D shows strong bias for the miR-200a-3p as a guide
strand compared with miR-200a-5p: 3p-Target (HL94)
containing binding sites for miR-200a-3p was silenced
much more efficiently than 5p-Target (HL93) containing
miR-200a-5p binding sites (Fig. 4C). This result is ex-
plained by the end stability because miR-200a-3p has its 5’
end at the less stable end of the duplex. In the case of
Dicer-TRBP product dsRNA-T, both miR-200a-5p and
miR-200a-3p are efficient in silencing their respective 5p-
and 3p-Targets (HL93 and HL94) (Fig. 4C), suggesting
that both strands are working as guide strands to a similar
extent. It is possible that the increased thermodynamic
stability of the 5’ end of miR-200a-3p enhances selection of
miR-200a-5p as a guide strand.

To date, the guide strand selection of miRNAs in vivo
has been puzzling because the strand selection varies de-
pending on tissue type (Ro et al. 2007). Our results show
that small changes in miRNA sequence have profound ef-
fects on miRNA duplex functional asymmetry, altering
which strand of a miRNA duplex functions efficiently in
mRNA silencing. We find that TRBP-dependent differen-
tial cleavage by Dicer could contribute to guide strand
selection and target silencing activity of each strand, re-
sulting in differential target recognition.

DISCUSSION

Dicer’s RNA-binding partner protein TRBP has been pro-
posed to regulate miRNA processing (Chendrimada et al.
2005; Forstemann et al. 2005; Haase et al. 2005; Paroo et al.
2009), but the molecular mechanisms have been unclear.
We find that TRBP, as a molecular binding partner of Dicer,
influences pre-miRNA processing by changing both process-
ing kinetics and miRNA product length. These effects may
not be unique to the human miRNA processing machinery.
Previous findings showed that Loquacious (Logs), a TRBP
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FIGURE 3. TRBP inhibits processing of some pre-miRs in a struc-
ture-dependent way. (A) TRBP inhibits pre-miR-31 and HL5 pro-
cessing by Dicer ([Dicer], [Dicer—TRBP] = 5 nM, [RNA] = 50 nM).
(B) The effect of cleavage site bulge in pre-miR-31 in Dicer-TRBP
processing ([Dicer], [Dicer—TRBP] = 5 nM, [RNA] = 50 nM; graphs
represent data from three experimental replicates).

homolog in Drosophila, has differential effects on pre-
miRNA processing in logs knockout (KO) flies. The molec-
ular mechanism and the functional significance of the
differential effect of Logs on pre-miR processing have not
been determined, but this result suggests
that TRBP homologs in other systems

FIGURE 2. The key structural features of pre-miRs for TRBP-Dicer processing. (A) The
predicted secondary structure of chimeric substrates from pre-let-7a, pre-miR-21 representing
the effect of cleavage site structure, stem length, and loop size; (red) from pre-miR-21; (blue)
from pre-let-7a; (green highlights) indicate where the insertions or mutations were made. HL1
contains the pre-let-7a loop and the pre-miR-21 stem. HL2 has a single nucleotide insertion at
the cleavage site of HLI to create a base pair with the otherwise unpaired nucleotide bulge
present in the pre-miR-21 stem. HL3 has five additional base pairs derived from pre-miR-21
inserted onto the end of the HL2 stem. HL4 has a smaller loop than HL2. (B) The effect of
stem structure and loop size in Dicer and Dicer-TRBP processing in single turnover conditions
([Dicer] = 400 nM, [Dicer-TRBP] = 50 nM, [RNA] = 2 nM) and in multiple turnover
condition ([Dicer], [Dicer—TRBP] = 5 nM, [RNA] = 50 nM; graphs represent data from three
experimental replicates). (C) The effect of cleavage site structure for pre-miR-125b processing
by Dicer-TRBP complex. Pre-miR-125b and its mutant pre-miR-125b were processed by Dicer
and Dicer-TRBP complex ([Dicer], [Dicer—TRBP] = 5 nM, [RNA] = 50 nM; graphs represent

data from three experimental replicates).

2016 RNA, Vol. 18, No. 11

may have similar functions during small
RNA production (Liu et al. 2007).

Here we show that the RNA hairpin
loop and stem structure affect Dicer—
TRBP processing with different sensi-
tivity compared with processing by Dicer
alone. These differential effects of pre-
miR secondary structures on Dicer—TRBP
as compared with Dicer alone suggest
that TRBP might induce a Dicer con-
formational change influencing Dicer
substrate specificity and kinetics. It is
not yet clear how or whether changes in
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FIGURE 4. TRBP contributes to isomiR generation and guide strand
selection. (A) Dicer—-TRBP generates 1-nt-longer isomiRs for both
strands when processing pre-miR-200a ([Dicer], [Dicer-TRBP] = 5
nM, [RNA] = 50 nM). (B) Different dsRNA are produced from Dicer
and Dicer-TRBP processing of pre-miR-200a. The exact cleavage sites
were identified by sequencing the product small RNA from Dicer and
Dicer—TRBP processing reaction. The product dsRNA from Dicer is
indicated as dsRNA-D, and the unique product from Dicer-TRBP
processing is indicated as dsRNA-T. (C) The effect of differential
Dicer cleavage on guide strand selection. dsRNA-D and dsRNA-T
show different guide strand selection bias in HEK293 cells. A firefly
luciferase construct containing either four tandem 5’-strand miR-
200a binding sites in the 3' UTR (pHL93) or four tandem 3’-strand
miR-200a binding sites in the 3" UTR (HL94) was cotransfected with
a control construct that express Renilla luciferase (pRL-TK) (50:1)
and with a product dsRNA, either dsRNA-M or dsRNA-I, to HEK293
cells. Dual luciferase assays were performed 36—40 h post-transfection.
(Graphs represent data from three experimental replicates.)

miRNA production rates influence steady-state levels of
these RNAs in cells, since other factors could affect miRNA
levels in vivo, including transcription rates, miRNA turn-
over, and the stability of RISC.

Most interestingly, we show here that TRBP affects
isomiR production by shifting cleavage sites of Dicer. The
effect of TRBP in isomiR formation is substrate-specific
and produces unique 5'- and 3’-isomiR populations that
are distinct from isomiRs generated by 3’-end modification,
including adenylation, uridylation, or truncation of miRNA
(Fernandez-Valverde et al. 2010). Generating different pairs of
isomiR products changes guide strand selection and target si-
lencing activity in cells and could have similar effects in vivo. In
addition, TRBP-induced 3’-strand-isomiR (isomiR-3p) pro-
duction shifts the seed sequence by one nucleotide, potentially
changing the set of target mRNAs that are recognized.

These findings support a direct role for TRBP in reg-
ulating miRNA processing kinetics and isoform specificity.
It is possible that TRBP affects pre-miRNA processing in
vivo in a similar way. However, several regulatory mech-
anisms of TRBP must be considered, including differential
phosphorylation, stabilization by Dicer, and competition
with different protein binding partners for access to Dicer,
as these will almost certainly influence miRNA biogenesis.
For example, four serine phosphorylation sites on TRBP
alter processing of a set of pre-miRNAs related to cell growth
when fully phosphorylated (Paroo et al. 2009), although the
mechanism of this effect is unknown. In addition, proteins
other than Dicer, including PKR, PACT, and Merlin, may
compete for TRBP binding (Daher et al. 2001; Lee et al.
2004; Laraki et al. 2008). Other pre-miRNA binding proteins
such as Lin28, hnRNPA1, and KHSRP (Heo et al. 2008;
Trabucchi et al. 2009; Michlewski and Caceres 2010) also
influence pre-miR processing in vivo and may change the
effects of TRBP. Hence, discovering how TRBP alters pre-
miR processing in vivo will be both interesting and chal-
lenging to decipher.

In conclusion, our results show the unprecedented role
of TRBP in pre-miRNA processing by both affecting kinetics
as well as isoform specificity, resulting in altered guide strand
selection and target silencing activity. These results high-
light the possibility that changes in TRBP levels and post-
translational modification could alter dicing efficiency/
specificity in vivo and imply that TRBP homologs in other
systems may have similar functions during small RNA
production.

MATERIALS AND METHODS
Proteins, Dicer-TRBP complex, and RNA
substrates preparation

Dicer, TRBP, and Dicer—TRBP complex were prepared as reported
before (MacRae et al. 2008). Pre-miRNA substrates were prepared
by in vitro transcription using T7 RNA polymerase, and the
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transcribed RNAs have one ribozyme at each end for homoge-
neous RNA production. After in vitro transcription, RNAs were
gel-purified and end-labeled for the processing assay. For 5'-end
labeling, RNA was incubated with T4 polynucleotide kinase (New
England Biolabs Inc.) and [y-**P]ATP for 1 h at 37°C. For 3’-end
labeling, RNA was incubated with T4 RNA ligase (New England
Biolabs Inc.) and [5'-**P]pCp for overnight at 16°C.

The sequences of RNA substrates used in this study are the
following (mutated or inserted nucleotides are underlined in
mutant pre-miR sequences):

pre-let-7a, 5'-UGAGGUAGUAGGUUGUAUAGUUUUAGGGUCA
CACCCACCACUGGGAGAUAACUAUACAAUCUACUGUCU
UACC-3';

pre-miR-21, 5'-UAGCUUAUCAGACUGAUGUUGACUGUUGAA
UCUCAUGGCAACACCAGUCGAUGGGCUGUC-3';

HLI, 5'-UAGCUUAUCAGACUGAUGUUGAGUUAGGGUCACACC
CACCACUGGGAGAUCCAACACCAGUCGAUGGGCUGUC-3';

HL2, 5'-UAGCUUAUCAGACUGAUGUUGAGUUAGGGUCACA
CCCACCACUGGGAGAUCUCAACACCAGUCGAUGGGCUG
UC-3%;

HL3, 5'-UAGCUUAUCAGACUGAUGUUGACUGUUGUUAGGG
UCACACCCACCACUGGGAGAUCAAUGGUCAACACCAGUC
GAUGGGCUGUC-3';

HI14, 5'-UAGCUUAUCAGACUGAUGUUGAGUUACCAGAUCU
CAACACCAGUCGAUGGGCUGUC-3';

pre-miR-200a, 5’-AUCUUACCGGACAGUGCUGGAUUUCCCAG
CUUGACUCUAACACUGUCUGGUAACGAUGU-3';

pre-miR-200a (3’-1nt) for 3'-end labeling, 5'~-AUCUUACCGGAC
AGUGCUGGAUUUCCCAGCUUGACUCUAACACUGUCUG
GUAACGAUG-3';

pre-miR-29a, 5'-ACUGAUUUCUUUUGGUGUUCAGAGUCAAU
AUAAUUUUCUAGCACCAUCUGAAAUCGGUUA-3';

pre-miR-31, 5'-AGGCAAGAUGCUGGCAUAGCUGUUGAACUG
GGAACCUGCUAUGCCAACAUAUUGCCAUC-3';

mutant pre-miR-31, 5'-AGGCAAGAUGCUGGCAUAGCAUGUU
GAACUGGGAACAUGCUAUGCCAACAUAUUGCCAUC-3';

pre-miR-125b-1, 5'-UCCCUGAGACCCUAACUUGUGAUGUUUA
CCGUUUAAAUCCACGGGUUAGGCUCUUGGGAGCU-3';

mutant pre-miR-125b-1, 5'-UCCCUGAGACCCUAACUUGUGA
UGUUUACCGUUUAAAUCUCACGGGUUAGGCUCUUGGG
AGCU-3".

Kinetic assays

5'- or 3'-end-labeled RNA was processed with the indicated
amount of Dicer or Dicer—TRBP in dicing buffer (20 mM Tris-
HCl at pH 6.5, 1.5 mM MgCl,, 25 mM NaCl, 1 mM dithiothreitol,
and 1% glycerol). Each time point sample was prepared by being
quenched with 1.2 volumes of loading buffer (95% formamide, 18
mM ethylenediaminetetraacetic acid, 0.025% SDS, 0.1% xylene
cyanol, and 0.1% bromophenol blue). Samples were heated for
10 min at 70°C before loading to 12%-15% denaturing 7 M
urea polyacrylamide gel electrophoresis. The gel was dried, and
the amounts of substrates and products were quantified with a
PhosphorImager (GE Healthcare).

Luciferase assays
pGLO3 control constructs were cut with an Xbal restriction

enzyme, and inserts were put into the 3" UTR to make reporter
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constructs having miRNA binding sites. pHL93 and pHL94 were
prepared by inserting four repeated antisense sequences of miR-
200a-5p and miR-200a-3p. The inserted sequences in the pGL03
control vector for pHL93 and pHL94 are the following (Xbal
and Spel restriction sites were used and indicated as italic and
underlined):

pHL93: 5'-ACTAGT TCCAGCACTGTCCGGTAAGATGGATCCT
CCAGCACTGTCCGGTAAGATTCCAGCACTGTCCGGTAAG
ATTCCAGCACTGTCCGGTAAGATICTAGA-3';

pHL94: 5'-ACTAGTACATCGTTACCAGACAGTGTTAGGATCC
ACATCGTTACCAGACAGTGTTAACATCGTTACCAGACAG
TGTTAACATCGTTACCAGACAGTGTTATCTAGA-3'.

The pGL03 control base construct was cotransfected to HEK293
cells when cells are ~80%-90% confluent with the pRL-TK con-
struct (with ratio 50:1) and RNA using Lipofectamine 2000. Amounts
per one well of a 96-well TC plate were 10 ng of pHL93 or pHL94;
0.2 ng of pRL-TK; 4 pmol (26.7 nM), 1 pmol (6.7 nM), 0.25 pmol
(1.7 nM), and 0.06 pmol (0.4 nM) of dsRNA; and 0.25 pL of
Lipofectamine 2000 were used. The cells were harvested 3640 h post-
transfection and assayed with the dual luciferase assay (Promega).

Filter binding assay

Dicer or Dicer-TRBP was incubated in buffer (20 mM HEPES
(pH 7.5), 25 mM KCl, 5 mM ethylenediaminetetraacetic acid,
1 mM tris(2-carboxyethyl)phosphine, 1% glycerol, 0.01% Igepal
630-CA), with 0.2-20 nM 5’-end 32p_labeled pre-miR substrates
for 60 min on ice in 30 pL of total volume.

Samples were applied to a dot-blot apparatus containing two
pieces of Whatman filter paper below three membranes: 0.2 pm
pore size Tuffryn (Pall Co.), 0.1 pwm pore size Protran (Whatman)
and Hybond-N (Amersham) using vacuum. After applying the sam-
ples, the membranes were washed with 50 wL of binding buffer.
The amounts of free RNA (retained on Hybond-N membrane) and
protein-bound RNA (retained on Protran membrane) were quan-
tified with a PhosphorImager (GE Healthcare). K4s were deter-
mined by fitting the data to binding isotherms with KaleidaGraph
(Synergy Software).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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