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ABSTRACT

microRNAs are widely expressed, �22-nt-long regu-
latory RNAs. They are first transcribed as much
longer primary transcripts, which then undergo a
series of processing steps to yield the single-
stranded, mature microRNAs, although the mechan-
isms are incompletely understood. Here, we show
that the terminal loop region of human primary
microRNA transcripts is an important determinant
of microRNA biogenesis. Mutations that restrain
the terminal loop region inhibit Drosha processing
of primary microRNA transcripts as well as Dicer
processing of precursor microRNA transcripts
in vitro. The inhibition may result from lower
enzyme turnover on the mutant transcripts.
Consequently, the mutations reduce miRNA matur-
ation in transfected human cells. We conclude that a
flexible terminal loop region is critical for microRNA
processing.

INTRODUCTION

microRNAs (miRNAs) are a class of abundant,
�22-nt-long RNA molecules that primarily inhibit gene
expression at the post-transcriptional level (1–3).
miRNAs control a wide range of biological processes,
such as development, metabolism, cell growth, cell death
and cell fate determination (4). Furthermore, altered
miRNA expression and, hence, function, have been
associated with human disease (5). Thus, it is imperative
to understand the mechanism governing miRNA
expression.

An miRNA is initially transcribed as part of a long
primary transcript, or pri-miRNA (6). The pri-miRNA
is cleaved by an RNase called Drosha, along with its regu-
latory subunit DGCR8 in mammals, to liberate a hairpin
precursor of �65 nt in the nucleus (7–11). A small number
of miRNA precursors can also be generated independent

of the Drosha holoenzyme (Drosha in short hereafter;
12–16). The precursor, or pre-miRNA, is then exported
to the cytoplasm by Exportin5 (17,18). Once in the cyto-
plasm, the precursor is further processed by Dicer,
another RNase, to produce an �22 -bp RNA duplex inter-
mediate (19–22). The binding of an Argonaute protein to
the duplex and subsequent rearrangements result in the
retention and final production of the mature, single-
stranded miRNA in the Argonaute:miRNA complex
(23,24). Additional proteins such as TRBP and PACT
may facilitate the selection and transfer of mature
miRNAs to Argonaute (25–31).
Advances in identification of the basic machinery that

processes miRNA transcripts notwithstanding, how
miRNAs are matured is incompletely understood.
A pri-miRNA contains the following structural features
(Figure 1): a terminal loop region, a mostly double-
stranded RNA (dsRNA) stem encompassing the miRNA
duplex and an �1 helical turn extension, and flanking
single-stranded RNA. Analyses of a select number of
miRNAs showed that disrupting the stem inhibits
miRNA production, and the single-stranded RNA
domain is also required for the processing including
Drosha cleavage of pri-miRNAs (32–35). Some
reports also suggested that the terminal loop region is
important for Drosha processing and miRNA matur-
ation (32–34,36). Here, the term ‘terminal loop
region’ refers to the apical domain beyond the miRNA
duplex segment. It can be folded into a small terminal
loop and a short stem, as RNA folding programs
typically predict, or relaxed into a largely single-stranded
structure, i.e. a large terminal loop (Figure 1). We
proposed that this region is flexible, with a more
single-stranded conformation preferred for miRNA pro-
duction (33). Han et al. (35), however, argued that the
terminal loop is dispensable for Drosha processing. To
clarify this discrepancy, we examined the production of
select miRNAs in test tubes and cultured human cells,
focusing on the role of the terminal loop region in the
transcripts.
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MATERIALS AND METHODS

Plasmid construction

Approximately 130 bp of DNA encoding miR-16-1 was
amplified from human genomic DNA (Clontech) and
inserted into the HindIII and XhoI sites of a modified
pSuper vector (33). Mutations were introduced using
the Quikchange method (Stratagene) and verified by
sequencing.

Cell culture and transfection

293T cells were maintained in Dulbecco’s modified Eagle’s
medium with 10% fetal bovine serum and 5% CO2 and
transfected using Lipofectamine 2000 (Invitrogen). Total
RNA was isolated using Trizol reagent (Invitrogen).

Drosha cleavage assays

DNA templates for RNA synthesis were generated by
polymerase chain reaction (PCR) with a primer containing
T7 promoter sequence. RNAs were then prepared by
in vitro transcription (Promega) in the presence of [a-32P]
CTP. DNA size markers (Promega) were labeled at their
50-ends with [g-32P] ATP by T4 polynucleotide kinase
(New England BioLabs). Poly (dI:dC) and poly (I:C)
were purchased from Sigma. To purify the Drosha holo-
enzyme, 293T cells were co-transfected with plasmids that
expressed a FLAG-tagged Drosha and HA-tagged

DGCR8 (37). Two days later, cell extract was prepared
in lysis buffer (20mM Tris pH 7.5, 0.15M NaCl, 1mM
EDTA and 0.4% NP-40) and incubated with anti-FLAG
antibody conjugate agarose beads (Sigma) for �1 h at 4�C.
Beads were washed six times with the lysis buffer contain-
ing 0.8M NaCl. The Drosha holoenzyme (Drosha in
short) was eluted with 3xFLAG peptide (Sigma) in
reaction buffer (20mM HEPES-KOH pH 7.6, 100mM
KCl, 0.2mM EDTA and 5% glycerol). In vitro Drosha
cleavage reactions were carried out as described (37) for
30min or the indicated times. When required, poly (dI:dC)
or poly (I:C) was mixed with labeled RNA prior to
Drosha addition. Data were analyzed using a Storm 840
PhosphorImager (GE Healthcare) or by autoradiography.

RNase A cleavage assay

RNA substrates (sequences shown in Figure 3) were
prepared by in vitro transcription using T7 RNA polymer-
ase, de-phosphorylated, and run on a 10% denaturing gel.
RNAs were purified from the gel and then labeled with
[g-32P] ATP using T4 polynucleotide kinase. The RNAs
have a short 50 end overhang to facilitate 32P labeling, but
because T7 RNA polymerase tends to add a few extra
nucleotides at the 30 end, there might be 30 end heterogen-
eity in the actual products. Nevertheless, these RNAs are
expected to contain at most a small overhang, which is not
supportive of Drosha cleavage (34). RNAs (�10�14mol)
were mixed with purified Drosha (�10�14–10�13mol) at
room temperature for 15min. To further prevent Drosha
cleavage, 2mM EDTA was included and Mg2+ excluded
in the reaction buffer. RNase A (1–8 ng, Invitrogen) was
then added. Total volume was �10 ml. After 10min, RNAs
were purified and analyzed by 7M urea/10% polyacryl-
amide gel electrophoresis. The 39-nt-long and 45-nt-long
pri-miR-30 markers were similarly produced and labeled.

Northern blotting

Approximately 20 mg of total RNAs were fractionated on
a 7M urea/15% polyacrylamide gel and transferred to a
Hybond N+membrane (GE Healthcare). The membrane
was probed with 50-end, 32P-labeled oligonucleotides, with
blot stripping in between. The oligonucleotide sequences
for miRNA detection are 50-TTAACGCCAATATTTAC
GTGCTGCTAAGGCA-30 (complementary to the 50 arm
of the pri-miR-16-1 stem) and 50-TACTTCAGCAGCAC
AGTTAATACTGGAGATAA-30 (complementary to
the 30 arm of the pri-miR-16-1 stem), for the small
interfering RNA (siRNA) against the green fluorescent
protein (GFP) mRNA, 50-GTACACAAGAACGGCAT
CAAGG-30, and for U6 snRNA: 50-ACGAATTTGCGT
GTCATCCTTGCG-30.

Primer extension

Approximately 5 mg of total RNAs from transfected 293T
cells were annealed to a primer specific for miR-16 (50-GC
ATCCCGCCAATATTTACGT-30) at 37�C for 20min,
and primer extension experiment was performed as
described (32).

Figure 1. Schematics of pri-miRNA structure and flexibility in the
terminal loop region. A pri-miRNA consists of a central stem of �3
helical turns flanked by the terminal loop region at one end and
single-stranded RNA at the other. The terminal loop region is struc-
turally dynamic. The arrowhead and arrow on the RNA signify Drosha
cleavage sites.
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Dicer cleavage assays

RNA substrates were prepared by in vitro T7 transcrip-
tion and labeled either with [a-32P] CTP during transcrip-
tion or afterwards with [g-32P] ATP using T4
polynucleotide kinase. RNA labeled with both methods
yielded equivalent results. Pre-miRNA substrates might
harbor substitutions to satisfy the requirement that T7
transcription starts from a G residue. dsRNAs were
prepared by annealing two complementary RNA
strands followed by native gel-purification, before
labeling with [g-32P] ATP by T4 polynucleotide kinase.
Dicer cleavage assays were performed as described (38).
Briefly, reaction was initiated by adding human Dicer
(Invitrogen) to labeled RNA at 37�C (�0.025 unit of
Dicer/ml final reaction volume). At designated time
points, 4 ml of the reaction mixture was added to 4 ml
of 2� sample buffer (98% formamide, 10mM EDTA
and 0.1% bromophenol blue) on ice. After gel electro-
phoresis, data were analyzed using a PhosphorImager or
by autoradiography. To quantify data in Figure 6B, we
used cleavage percentage defined as product intensity
divided by total (products and full-length substrate) in-
tensity. This parameter is an imprecise estimate of the
catalytic rates, as intermediates/products from ds50 and
ds120 were Dicer substrates as well. Nevertheless, from
the figure ds50 and ds120 intermediates and their �10-bp
product, which signified complete dsRNA digestion, did
not accumulate significantly. Moreover, the full-length
ds50 and ds120 were always present in a large excess

over the intermediates, after accounting for 32P loss in
the intermediates, so the full-length ds50 and ds120
remained the major substrates during Dicer reaction.
These considerations led us to conclude that the
cleavage percentage shown in the y-axis is a useful
measure of product formation.

RESULTS

Mutations in the terminal loop region of pri-miR-16
impact Drosha processing

A flexible or large terminal loop has been shown to be
important for the maturation of a number of human
miRNAs, such as miR-18a, miR-21, miR-27a, miR-30a
(miR-30 in short hereafter) and miR-31 (32–34,36).
RNA folding programs tend to predict small terminal
loops, e.g. �4- or 5-nt loops, to maximize RNA thermo-
dynamic stability. Nevertheless, mutations enforcing such
small terminal loops limited Drosha cleavage and miRNA
expression (33). Han et al. (35), however, concluded that
the loop did not influence Drosha processing, based
largely on their analysis of pri-miR-16-1 (miR-16 in
short) in test tubes. We therefore examined how mutations
that minimized the terminal loop of pri-miR-16 influenced
Drosha cleavage. Figure 2 shows that two mutations (as in
mutants 1 and 2) that were predicted to extend the stem
further into the apical region similarly reduced pre-miR-
16 production by at least 60%. While the degree of

Figure 2. Drosha cleavage of human pri-miR-16 (wild-type and mutants, sequences and RNAfold-predicted secondary structures in the loop region
are shown). Drosha cleavage reactions were stopped at 2, 5, 10 or 15min and subjected to gel electrophoresis. Sizes of DNA markers are indicated in
the left. Shown are representatives of at least two independent experiments, with the cleavage percentages plotted in the graphs below. Cleavage is
calculated as the intensities of the products (pre-miR-16, marked with a triangle, and flanking sequences, marked with an asterisk) divided by the
intensities of the products and remaining substrate at each time point.
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reduction was modest, it was consistent and significant.
On the other hand, a control pri-miR-16 mutant that
had the same nucleotide composition as mutant 2 while
maintaining the wild-type loop structure was cleaved
by Drosha as efficiently as the wild-type pri-miR-16
(Figure 2). Clearly, a loose terminal loop facilitates pro-
cessing of pri-miRNAs including pri-miR-16 by Drosha
in vitro. Human miR-16, miR-30 and miR-31 sequences
were arbitrarily selected as representatives for subsequent
analyses.

Interaction between Drosha and pri-miRNAs

How the Drosha holoenzyme physically interacts with
pri-miRNAs is unknown. To probe such an interaction,
we performed RNase A cleavage assays (Figure 3). The
most prominent band generated by RNase A digestion
was �22 nt long and represented cleavage near the
middle of the miRNA duplex (Figure 3). The addition
of Drosha led to new RNase A cleavage products of
�40 nt long (indicated by ‘*’, Figure 3). These new
RNAs had their 30 end in the terminal loop region of
the pri-miRNAs, based on the their estimated size as
compared to the DNA markers and to the synthetic,
50-end, 32P-labeled, 39-nt-long and 45-nt-long pri-miR-30
fragments (Figure 3). The pri-miRNA substrates and
buffer compositions were designed (Figure 3 and

‘Materials and Methods’ section) such that Drosha
did not cleave the RNAs under these assay conditions
(data not shown). While more work is needed to determine
whether Drosha contacts the apical region directly, these
results demonstrated that Drosha interaction with a
pri-miRNA alters the RNase A sensitivity, or conform-
ation, of the region, which is consistent with a putative
role of the terminal loop region in pri-miRNA processing.

Mutations in the terminal loop region affect mature
miR-16 production in transfected cells

To further investigate the role of the terminal loop in
miR-16 biogenesis, we transfected 293T cells with
plasmids that encoded the wild-type and mutant
pri-miR-16 as studied in Figure 2. A pH1-GFP plasmid
that expressed an siRNA targeting GFP mRNA was used
as a co-transfection control (38). Northern blot analysis
revealed that mutations 1 and 2 (lanes 2 and 3, Figure 4A)
greatly reduced exogenous miR-16 expression, while the
control mutant was expressed similarly as the wild-type
(lanes 4 and 1, Figure 4A). Northern blotting for the
ectopically expressed GFP siRNA and endogenous U6
snRNA was used to demonstrate equivalent transfection
and RNA loading in the different samples (Figure 4A).
Mutants 1 and 2 did not produce any aberrant small
RNA, as a probe complementary to the 30 arm of

Figure 3. Interaction between Drosha and pri-miRNAs. 50-end labeled, pri-miR-16, pri-miR-30 and pri-miR-31 substrates were digested with RNase
A with or without prior incubation with Drosha. Sequences and the predicted secondary structures of the pri-miRNAs are shown on top. Stable
RNase A cleavage products in the presence of Drosha were indicated with an asterisk. DNA size markers are indicated in the left. The pri-miR-30
substrate was incubated with two concentrations of Drosha (indicated as ‘1x’ and ‘2x’) before RNase A addition, and two RNA markers of 39-nt
and 45-nt-long were run on the same gel for size comparisons: their 30 ends are indicated by arrows on top. Shown are representatives of at least
three independent experiments.
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pri-miR-16 failed to detect any small RNA (data not
shown), and primer extension experiments did not
identify any small RNA with a different 50 end from
miR-16, either (Figure 4B). Therefore, mutations 1 and
2 led to inefficient miRNA processing in cells.

The terminal loop region influences Dicer cleavage

Interestingly, reduction in miR-16 expression due to loop
restriction was more severe in 293T cells than revealed by
the Drosha assay: mutants 1 and 2 were hardly
overexpressed above the endogenous miR-16 level in
transfected cells (e.g. compare lanes 2 and 3 to lane 5,
Figure 4A), while their pri-miRNAs were still processed
by Drosha in test tubes, albeit at a modestly lower effi-
ciency than the wild-type (Figure 2). We therefore tested if
the mutations also affected other steps in the miRNA pro-
cessing pathway, e.g. Dicer cleavage of pre-miRNAs.
Indeed, a pre-miR-16 mutant (corresponding to mutant
2 in Figures 2 and 4) was cleaved less efficiently than
wild-type pre-miR-16 by Dicer in vitro, with the same phe-
nomenon observed for pre-miR-30 and pre-miR-31 as well
(‘loop mutant’, Figure 5). These mutations enforced

smaller terminal loops but maintained the overall length
of the hairpin RNAs, even though the RNAs tended to
migrate faster than the wild-type during gel electrophor-
esis, apparently as a result of conformational changes in
the terminal loop region. We then constructed another set
of mutant pre-miRNAs (‘shorter’ mutants, Figure 5) that
contained the stem corresponding to the miRNA duplex
segment connected directly by a terminal loop similar in
size to that of the ‘loop mutants’. (Because the miRNA
duplex moiety in a pre-miRNA often fashions unpaired
nucleotides at the ends, it is not always possible to have
the above two sets of mutants possessing the same
terminal loop.) As shown in Figure 5, Dicer cleaved
these mutant RNAs clearly better than the loop mutants
and only slightly less than the wild-type pre-miRNAs.
Dicer processed all the hairpin RNAs to yield the same
miRNA duplexes (pointed out by ‘P’, Figure 5), indicating
that changes in the loop region did not alter cleavage site
selection by Dicer, which is consistent with the notion that
Dicer measures and cleaves from the end of a dsRNA (39).
These findings demonstrate that Dicer processing is also
influenced by the flexibility in the terminal loop region of
pre-miRNAs.

dsRNA interferes with miRNA processing by Drosha
and Dicer

A compact terminal loop region due to conformation
changes or mutations creates a longer dsRNA extension,
which might increase Drosha and Dicer’s degree of
freedom along the RNA stem and impede catalysis or
product release by the enzymes. Of note, mutations that
restrict the terminal loop region and mutations that extend
the stem near or into the single-stranded RNA segment
both inhibit pri-miRNA cleavage (33–35). A common
theme is that these mutations all lengthen the stem of a
pri-miRNA; i.e. they increased dsRNA characteristics and
hindered cleavage by Drosha in cis. It has been also shown
that Dicer can stably associate with its substrates and
products (40). To test if a strong dsRNA characteristic
could indeed hinder the action of Drosha and Dicer, there-
fore, we carried out the following experiments. We first
added poly (dI:dC) or poly (I:C) to Drosha cleavage reac-
tions against pri-miR-16 and pri-miR-31. Only poly (I:C),
as a long dsRNA mimic, severely inhibited pri-miRNA
processing (Figure 6A). Thus, Drosha function can be in-
hibited by a high degree of dsRNA feature both in cis and
in trans.
We then investigated Dicer cleavage of the 50-end

labeled, pre-miR-16 and three perfectly matched
dsRNAs of �30 bp, 50 bp or 120 bp in length (ds30,
ds50 and ds120, Figure 6B). These dsRNAs were
designed with one end mimicking the end sequence and
secondary structure of pre-miR-16. We compared how
fast Dicer processed the different full-length substrates
to generate the products and/or intermediates
(Figure 6B). Dicer cleaved these different RNAs at
similar rates by 1min, but at the later, 2 and 5min time
points it became more apparent that pre-miR-16 was the
best Dicer substrate, ds30 was the next, and the longer
dsRNAs the worst substrates (Figure 6B). The data

Figure 4. miR-16 expression in transfected 293T cells. (A) 293T cells
were transiently co-transfected with pH1-GFP and a plasmid that
encoded wild-type or the indicated mutant pri-miR-16. miR-16, GFP
siRNA (siGFP), and the endogenous U6 snRNA expression was
examined by northern blotting. Sequences and the predicted, secondary
structure of pri-miR-16 are shown on top, with mature miR-16
underlined. Sequences complementary to the 50 and 30 probes are
marked with bars. (B) Primer extension to detect miR-16 expression.
Positions of the primer, the miR-16 extended product, and a 24-nt
DNA marker are indicated. Lanes 1–5 are the same as those in (A).
Lane 6: primer only.
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suggest that Dicer cleavage can be negatively influenced by
an eminent dsRNA trait in the substrates. Similarly, Dicer
cleaves a modified pre-let-7 substrate more rapidly than a
37-bp dsRNA (41). A complication is that Dicer cuts
dsRNAs from both of their free ends, which made
cleavage seem even faster. We therefore compared Dicer
processing of pre-miR-16 with that of a pre-miR-16 mimic
possessing a predicted, perfect 27-bp dsRNA stem
(Figure 6C). Of the two substrates, pre-miR-16 was
digested much faster by Dicer, demonstrating that imper-
fect basepairing in the stem region, i.e. less dsRNA
feature, enhances Dicer cleavage in cis.

DISCUSSION

Identification of important features in pri-miRNAs
will advance our knowledge of what constitutes a
miRNA as well as shed light on the mechanisms of

miRNA processing. This study establishes that the
terminal loop region plays a critical role in human
miRNA biogenesis. A flexible terminal loop region facili-
tates both Drosha processing of pri-miRNAs and Dicer
processing of pre-miRNAs. The mechanism probably
includes enhancing enzyme turnover on RNA substrates.

RNA folding algorithms predict that the terminal loop
region of a pri-miRNA folds into a small terminal loop
and a short stem for maximal stability. We consider this
region is structurally dynamic and can also be relaxed into
a largely single-stranded conformation or a larger terminal
loop (Figure 1). Studies have shown that such a large loop
enhances miRNA processing and expression. In particu-
lar, point mutations that strengthened basepairing in the
terminal loop region inhibited miRNA expression in cell
culture as well as Drosha cleavage of pri-miRNAs in test
tubes. These mutations are relevant because they reinforce
secondary structures predicted by RNA folding programs

Figure 5. Dicer cleavage of pre-miRNAs and their mutants. The ‘loop mutant’ denotes RNA of the same length as the wild-type pre-miRNA but
with a smaller terminal loop. The ‘shorter’ mutant denotes RNA with the miRNA duplex moiety linked directly to a terminal loop that was similar
in size to that in the ‘loop mutant’. Dicer cleavage was allowed to proceed for 1, 2 or 5min before termination. RNAs were quantified using a
PhosphorImager. S, substrates; P, miRNA duplex product. The same amount of total reaction mixture was loaded in each lane, except that the lane
without Dicer addition contained only 75% of the RNA in the other lanes. The disappearance of the substrates was used as a measure of Dicer
cleavage, shown by the graphs in the middle with averages and standard deviations (error bars; n� 3). Sequences and predicted secondary structures
in and near the terminal loop region are shown in the right, with mature miRNAs underlined.

7694 Nucleic Acids Research, 2010, Vol. 38, No. 21



for many miRNAs. On the other hand, it had been argued
that the terminal loop is dispensable for Drosha function,
based largely on analysis of in vitro pri-miR-16 processing
(35). Here, we demonstrated that mutations that created a
smaller terminal loop in pri-miR-16 hindered Drosha
cleavage (Figure 2). Drosha also altered RNase A acces-
sibility of pri-miRNAs in the terminal loop region
(Figure 3), indicative of a direct or indirect interaction
between Drosha and the loop. Surprisingly, the terminal
loop region further impacts Dicer action, as loop restric-
tion likewise repressed Dicer cleavage of pre-miRNAs
(Figure 5). These data might help fully explain the result
that those mutations dramatically reduced miR-16 expres-
sion in cell cultures (Figure 4), as did analogous mutations
in other miRNAs (33).

How does a large terminal loop facilitate miRNA mat-
uration? Both Drosha and Dicer have RNAs with double
stranded characteristics as substrates, so a possibility is

that a flexible loop, by dynamically reducing dsRNA
features, enhances RNA release and enzyme turnover.
Consistent with this explanation, RNAs with a minimal
duplex region and a small terminal loop were cleaved
more efficiently by Dicer than similar RNAs with a
more elongated or perfectly complementary stem
(Figures 5 and 6). This finding is significant, as it is
commonly assumed that only the end structure in a sub-
strate is critical for its cleavage by Dicer. Moreover, mu-
tations that created a longer central stem inhibited the
cleavage of pri-miRNAs by Drosha in cis (33–35;
Figure 2), and long dsRNA such as poly (I:C), while not
a Drosha substrate, blocked pri-miRNA processing
in trans (Figure 6A). Drosha would face many irrelevant
RNAs that possess a hairpin or dsRNA structure in a
cell, so the ability to dissociate from such RNAs might
be critical for Drosha’s normal function in pri-miRNA
processing. Finally, it is notable that the stem in

Figure 6. dsRNA interferes with miRNA processing. (A) Poly (I:C) inhibited Drosha cleavage of pri-miR-16 and pri-miR-31. Labeled DNA markers
were loaded in the right lanes. The amount of poly (dI:dC) or poly (I:C) added to the reactions is indicated at the bottom. Shown are representatives
of three independent experiments. (B) Dicer cleavage of pre-miR-16 and three dsRNA substrates, ds30, ds50 and ds120. Dicer cleavage was
terminated after 1, 2 or 5min. RNAs were quantified using a PhosphorImager. Cleavage intermediates (‘I’) and products (‘p’) are indicated.
Cleavage percentage is calculated as product and intermediate intensities divided by total (substrate, intermediate and products) intensities.
(C) Dicer cleavage of pre-miR-16 and its mimic, ds27 hairpin. The sequences and predicted secondary structures of pre-miR-16 and ds27 hairpin
are shown at the top.
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pri- and pre-miRNAs always harbors multiple
mismatches. These mismatches, along with a flexible
apical loop region, might have evolved in miRNAs to
enable their efficient selection and cleavage by Drosha
and Dicer (e.g. Figure 6B and C). Another, nonexclusive
possibility is that a large, open RNA conformation in the
apical region is preferred for the binding or catalysis of the
RNases. For Drosha, mutant pri-miRNAs that differed
from the wild-type by only having a smaller terminal
loop region were poorer substrates (33,36). Natural
Dicer substrates include long dsRNAs, so the requirement
for a large terminal loop seems more stringent for Drosha
than for Dicer function. Nevertheless, Dicer cleaved
wild-type pre-miRNAs slightly faster than ‘shorter’
mutant hairpins with a minimal duplex and a small
loop, at least for pre-miR-30 (Figure 5), suggesting that
the terminal loop could still contribute to Dicer action.
We propose that pri-miRNAs contain three structural

elements important for maturation: a terminal loop
region, a central stem and a single-stranded RNA
domain (Figure 1). All human pri-miRNAs contain a
terminal loop, which enables efficient and correct process-
ing. Slight variations in the junction between the loop and
the stem or between the stem and single-stranded RNA
modify relevant RNase cleavage sites, while disruption of
any of the three traits reduces or eliminates miRNA pro-
cessing (33–35). Proteins such as hnRNP A1, Lin-28 and
KSRP have been shown to bind to the terminal loop
region to regulate the processing of specific miRNAs
(36,42–49). We show here that the region has a universal
role in miRNA processing, so an additional, interesting
mechanism might be that some of the proteins could act
by inducing conformational changes in the RNAs to
satisfy or dissatisfy the structural requirements of the
general miRNA processing enzymes.
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