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ABSTRACT

MicroRNAs control gene expression either by RNA transcript degradation or translational repression. Expressions of miRNAs
are highly regulated in tissues, disruption of which leads to disease. How this regulation is achieved and maintained is still
largely unknown. MiRNAs that reside on clustered or polycistronic transcripts represent a more complex case where individual
miRNAs from a cluster are processed with different efficiencies despite being cotranscribed. To shed light on the regulatory
mechanisms that might be operating in these cases, we considered the long polycistronic primary miRNA transcript pri-miR-17-92a
that contains six miRNAs with diverse functions. The six miRNA domains on this cluster are differentially processed to produce
varying amounts of resultant mature miRNAs in different tissues. How this is achieved is not known. We show, using various
biochemical and biophysical methods coupled with mutational studies, that pri-miR-17-92a adopts a specific three-dimensional
architecture that poses a kinetic barrier to its own processing. This tertiary structure could create suboptimal protein recognition
sites on the pri-miRNA cluster due to higher-order structure formation.
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INTRODUCTION

MicroRNAs (miRNAs) are small, 20- to 22-nt-long noncod-
ing RNAs that regulate gene expression via diverse mechanisms
ranging from mRNA cleavage and translational repression
to transcriptional repression by heterochromatin formation
(Ambros 2004; Chen and Rajewsky 2007). They have varied
and unique expression patterns owing to their extensive
control over the transcriptome and have been implicated
in numerous biological processes including cellular differ-
entiation, cell proliferation, apoptosis, synaptic plasticity,
immunity, and metabolism (Bushati and Cohen 2007;
Schratt 2009). Involvement of miRNAs across this spec-
trum of important biological phenomena requires stringent
control over their expression. Recent findings have unrav-
eled a plethora of post-transcriptional mechanisms which
regulate miRNA biogenesis and activity (Filipowicz et al.
2008). Investigations on primary miRNAs have largely fo-
cused on transcripts incorporating a single pre-miRNA
stem–loop that is processed sequentially into pre-miRNA

and mature miRNA segments (Davis et al. 2008; Michlewski
et al. 2008). These have shown that accessory proteins are
required in addition to the microprocessor complex for
proper primary transcript processing (Davis et al. 2008;
Michlewski et al. 2008; Viswanathan and Daley 2010). Either
the tissue-specific abundance of these accessory proteins or
their signal-induced recruitment might explain the restricted
expression of a few miRNAs. However, in vertebrates, it is
known that 30% of miRNAs are found as part of a poly-
cistronic cluster i.e., they are in quick succession on the
same primary miRNA transcript (Megraw et al. 2007).
Another level of complexity in regulation arises in such
cases since it is known that the miRNAs that are part of the
same cluster are present in different amounts in a given
tissue (Thomson et al. 2006; Tang and Maxwell 2008).
Further, their relative concentrations vary from tissue to
tissue in the organism. It is not yet clear how this might be
achieved.

Long noncoding RNA transcripts might act as scaffolds
that self-orchestrate the binding of multiple proteins, where
the binding of one protein on the RNA causes a structural
remodeling of the latter that, in turn, either exposes a
cryptic binding site or creates a new binding motif for the
next protein in the cascade. This has been known to occur
in noncoding RNAs such as ribosomal RNAs and ribosome
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biogenesis, 7SK RNA and 7SK RNP assembly, and snRNAs
in spliceosome assembly (Talkington et al. 2005; Hogg and
Collins 2007; Wahl et al. 2009). Thus, we considered a
possibility where the primary miRNA cluster might self-
orchestrate the binding of accessory proteins associated
with processing different microRNA domains, thus bring-
ing about their differential regulation. We, therefore, chose
the intronic miRNA cluster called pri-miR-17-92a, which
encompasses z800 nt on human chromosome 13, to address
such differential regulation. Upon processing, this cluster
produces six individual mature miRNAs (miR-17, miR-18a,
miR-19a, miR-20a, miR-19b-1, and miR-92a-1) (Mendell
2008). Although it is widely regarded that the transcription
of this cluster per se is regulated by c-Myc transcription
factors, post-transcriptional regulation of this cluster has
established that the miRNAs on this cluster are differentially
expressed (O’Donnell et al. 2005; Thomson et al. 2006; Tang
and Maxwell 2008). The molecular mechanisms that govern
preferential enrichment of a given miRNA over others in the
cluster are unclear, and we would like to address possible
mechanisms that may be responsible. One could envisage
that a primary miRNA cluster might adopt a higher-order
structure, thereby creating a suboptimal display of recogni-
tion sites for the microprocessor complex. Structural studies
indicate Drosha-DGCR8 binding requires a single-strand-
double-strand junction (ss-ds) (Han et al. 2006). Thus, se-
questration of such a recognition site could arise from
tertiary structure formation from the helices of this cluster,
thereby masking key ss-ds junctions. Tantalizing support for
such a hypothesis is seen from the recruitment of hnRNP
A1 which acts on a truncated form of the cluster, remodel-
ing the local structure to facilitate the processing of pre-

miR-18a (Guil and Cáceres 2007; Michlewski et al. 2008). In
addition, the recent discovery of a higher molecular weight
species of microprocessor complex that possesses RNA
helicase activity suggests that processing might invoke re-
structuring of the RNA scaffold.

Studies on selected individual pre-miRNA hairpins of
this cluster showed that they form helices. However, it is
not known if, when these helices are part of a single primary
miRNA transcript, they invoke tertiary interactions to
adopt a well-defined higher-order structure. Using a battery
of biophysical and biochemical assays, we have shown that
pri-miR-17-92a, indeed, adopts a higher-order structure
with solvent protected regions in a Mg2+-dependent man-
ner. Further, this tertiary structure has a functional impact
on the primary microRNA by posing a kinetic barrier to its
processing.

RESULTS

In cellulis processing of native and truncated
miRNA clusters

A pri-miR-17-92a cluster is usually schematically repre-
sented as six tandem stem–loops, implying the absence
of tertiary structure (Mendell 2008). In order to test
whether this was, indeed, the case, we made two constructs
in addition to the native cluster, pri-miR-17-92a. These were
a minicluster, pri-miR-17-19a, and pri-miR-20a-19a, which
is a domain swapped or shuffled cluster, in the pcDNA3
vector that can be used for overexpression studies of the
respective RNA in mammalian cells (Fig. 1A,B; also see
Supplemental Fig. S1). In the absence of any tertiary

interaction in pri-miR-17-92a, the shuf-
fled transcript, which contains all six
pre-miRNAs but in a different order,
should be processed similarly in cells due
to the availability of all the relevant
binding sites to the processing proteins.
To confirm this, we performed RT-PCR
of all the relevant pre-miRNAs from pri-
miR-17-92a and pri-miR-20a-19a from
total small RNAs isolated from their
overexpression in HeLa cells (see Sup-
plemental Fig. S2A). This suggests that
both the transcripts are processed into
identical pre-miRNAs. Next, we per-
formed quantitative real-time PCR anal-
ysis (qPCR) to look at the relative levels
of the processed pre-miRNAs from both
native and shuffled transcripts in this
overexpression system. Total small
RNAs isolated 24 h post-transfection
from HeLa cells were reverse-tran-
scribed using pre-miR specific primers
and then quantified by qPCR using

FIGURE 1. The tertiary structure of pri-miR-17-92a regulates its processing. (A) Genomic
structure of the C13orf25 gene, harboring the intronic pri-miR-17-92a cluster. (B) Di-
agrammatic representation of the pri-miR-17-92a transcript. Empty arrow heads indicate
the transcript, pri-miR-17-19a, corresponding to the first three pre-miRNA domains (right,
upper panel), and the last three pre-miRNA domains indicate the transcript, pri-miR-20a-92a
(right, lower panel). The domains of the two constructs were swapped to create a shuffled
transcript, pri-miR-20a-19a (left, lower panel). (C) Quantitative measurement of levels of the
processed pre-miRNAs from total RNA isolated 24 h post-transfection from HeLa cells
transfected either with pri-miR-17-92a-pcDNA3, or pri-miR-20a-19a-pcDNA3, or pri-miR-
17-19a-pcDNA3. The relative expression levels of individual pre-miRNAs are determined
using qPCR by the DDCT method and shown. Error bars indicate SEM. The pre-miR-19a from
the pri-miR-17-19a was quantified using Northern analysis.
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the DDCT method (Livak and Schmittgen 2001). The pre-
miRNAs from the pri-miR-17-92a transcript showed differ-
ential levels of expression (see Supplemental Fig. S2B). The
qPCR analysis indicates that, with respect to pri-miR-17-92a,
the individual pre-miRNAs from pri-miR-20a-19a show
much higher levels and that this increase is not uniform for
each pre-miR. Importantly, there is a marked increase in
the levels of pre-miR-20a, pre-miR-19a, and pre-miR-92a
from pri-miR-20a-19a, indicating a positional significance
in the context of the entire transcript. As a control, the
pre-miRNA level from the minicluster pri-miR-17-19a
also undergoes processing to give significantly higher levels
of all three pre-miRNAs relative to pri-miR-17-92a. Thus,
a mere shuffling of discrete, pre-miR-containing hairpin
domains is sufficient to alter the relative abundance of the
processed pre-miRNAs. However, the in cellulis processing
studies indicate structural differences between the native
transcript and the shuffled transcript that impact their
processing, which is beyond a simplistic secondary struc-
ture model (see Supplemental Fig. S2C,D for secondary
structures). Further, the fact that the native cluster behaves
differently from a simple minicluster implicates interaction
between pri-miR-17-19a and pri-miR-20a-92a when they
are fused to form the native transcript.

Comparative sequence analysis
of the pri-miR-17-92a cluster

Interactions between distinct hairpin domains could give
rise to higher-order structure that might occur in the native
transcript when the miniclusters are in the right orientation
which would be missing in the individual miniclusters as
well as in the shuffled transcript. So, we carried out com-
parative sequence analysis for preliminary indications of
whether or not the native transcript could form tertiary
structure.

Phylogenetic or comparative sequence analysis is a pow-
erful indicator of secondary and tertiary structure of RNA
molecules (Gutell 1993). It extracts information about the
RNA molecule from the conserved segments and covaria-
tions between homologous sequences across different
phyla. When sequences from 19 species were aligned using
the UCSC Genome browser (Fig. 2A), the sequence con-
servation histogram clearly revealed that the six individual
stem–loops containing six pre-miRNAs were highly con-
served as expected, as these regions are important for
function and they are required to be helical for their
processing. Notably, few inter-pre-miR regions, i.e., the
intervening regions between the distinct pre-miRNA do-
mains, such as regions between pre-miR-17 and pre-miR-
18a (bases 107–142) or pre-miR-19a and pre-miR-20a
(bases 388–480), are also found to be significantly con-
served (Fig. 2A, boxed regions). Taking the first case as an
example, a phylogenetic analysis of this region from the
aligned sequences (see Supplemental Fig. S3 for alignment)

showed that this sequence could fold back on itself to form
a helix between pre-miR-17 and pre-miR-18a (Fig. 2B,
right panel). This is further supported by the minimum
free-energy structure using the structure prediction
software RNAfold as well as ‘‘RNAstructure’’ (Hofacker
et al. 1994; Reuter and Mathews 2010). Phylogenetic
conservation of RNA segments for the pre-miR-contain-
ing domains might be attributed to their requirement
for helicity. However, such an argument does not hold for
the conservation of segments such as 107–142 or 388–480.
A possible reason might be their importance in tertiary
structure that might impact the function of the cluster as
a whole.

Indications of tertiary contacts

Prediction of tertiary contacts in an RNA molecule is not
straightforward from phylogenetic analysis. However, the
ratio of unpaired to paired adenosines from a secondary
structure map has been a key indicator of tertiary structure
in a given RNA (Gutell et al. 2000). This method has been
applied to 16S rRNA and 23S rRNA, where it was found
that the composition of single-stranded regions of the RNA,
especially in the loops, was strongly biased toward adeno-
sines (Gutell et al. 2000). Later, it was found that a vast
majority of tertiary contacts are mediated by unpaired aden-
osines. We performed a similar analysis on the phylogenetic
structure model of the pri-miR-17-92a cluster which showed
a ratio of z1. This ratio for pri-miR-17-92a is encouraging
and is comparable to the ratio obtained for the group II
intron (Fig. 3A). t-RNA is also shown as a control. This
analysis indicates that the pri-miRNA cluster might, in-
deed, possess tertiary structure.

In addition to identifying the helical regions of the
cluster, we wanted to see if the loop regions showed any
sequence conservation. The individual pre-miRNA sequences
were retrieved from the miRNA registry and aligned. The
loop regions of pre-miR-17, pre-miR-18a, and pre-miR-19a
were taken from the published structures of the individual
hairpins, while for pre-miR-20a, pre-miR-19b, and pre-miR-
92a, the loop sequences were identified from the structures
predicted by comparative sequence analysis (Krol et al.
2004). Sequence conservation of each of the terminal loops
was converted into bits units and represented as a sequence
logo (see Fig. 3B; also Supplemental Fig. S3B). It is evident
that, for pre-miR-19a and pre-miR-18a, loop sequences are
highly conserved. Such a high degree of loop sequence
conservation could either be due to their importance in ter-
tiary structure formation and/or for a protein-binding func-
tion. In fact, the loop of pre-miR-18a is known to be recognized
by hnRNP A1 (Guil and Cáceres 2007). Further, although
consecutive repeats of purine bases, GAA, are a well-known
motif for protein binding due to their large aromatic faces,
they also effectively mediate tertiary contacts via unpaired
adenosines (Yeakley et al. 1996; Gutell et al. 2000). The
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loops of pre-miR-17 and pre-miR-19b-1 show conserved
AU or GU repeats (Fig. 3B) that are also known to bind
nuclear proteins that mediate RNA degradation or alter-
native splicing (Vakalopoulou et al. 1991; Marquis et al.
2006). Thus, the high sequence conservation of terminal
loops in nearly all the pre-miRNA domains of this cluster is
significant in the context of potentially acting as cryptic
binding sites for different trans-acting protein factors that
could mediate differential processing.

SHAPE analysis shows pri-miR-17-92a is structured

Given that sequence analysis of pri-miR-17-92a predicted
its considerable potential to adopt tertiary structure, we
proceeded to biochemically investigate its structure at the
single nucleotide level using N-methyl isatoic anhydride
(NMIA) and analysis by capillary electrophoresis (SHAPE,
Selective 29-hydroxyl acylation analyzed by primer extension)

(Merino et al. 2005). The SHAPE technique has revolutionized
RNA structural biology, as the analysis by high-throughput
capillary electrophoresis precludes any associated band
compression, thus enabling the study of long lengths of
RNA. In a SHAPE reaction, the RNA is treated with the elec-
trophilic reagent NMIA that selectively reacts with those ribose
29-hydroxyl groups of nucleotides that are conformationally
flexible (McGinnis et al. 2009). SHAPE reactivity thus
reports on local nucleotide flexibility. Unconstrained nucle-
otides, i.e., nucleotides that are present in single-stranded
structures, are likely to be more reactive to form the corre-
sponding 29-O-adduct. All four RNA nucleotides show nearly
identical intrinsic reactivities when they are not constrained
by base-pairing or tertiary interactions (Wilkinson et al.
2009). We applied this method to the 0.8-kb pri-miR-17-
92a transcript and probed the structure of the 59-terminal
220 nt, which span pre-miR-17 and pre-miR-18a, in the
presence of Mg2+. We chose to focus on this region for the

FIGURE 2. (A) Conservation pattern of human pri-miR-17-92a. The conservation patterns are based on the UCSC phastCons scores. The
chromosomal regions of the miRNAs with an additional 20 nt flanking on both sides are presented. Sequence conservation of the region between
the different pre-miRs shown in red box. It is clear that individual pre-miRNAs are highly conserved along with few inter-pre-miRNA regions. (B)
The most stable thermodynamic structure of human pri-miR-17-92a is shown. This is predicted using the RNAfold algorithm and color-coded
according to base-pairing probability. Base-pairing probability indicates the probability of a base pair existing throughout the ensemble of
structures. This information is important because it gives an indication of structural remodeling or dynamics. Most of the pre-miRNAs are
invariant throughout the ensemble, whereas pre-miR-18a can adopt alternate forms. A region between the pre-miR-17 and 18a flanking region is
indicated by a box and shown to be conserved (see Supplemental Fig. S3A). The structure of this region found by covariation-based modeling is
shown (right panel).
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present study because protein-mediated structural remod-
eling has been reported for a 70-nt-long transcript corre-
sponding to the pre-miR-18a domain. Normalized SHAPE
reactivity of this 220-nt region in the context of the whole
pri-miR-17-92a transcript is shown in Figure 4A and indi-
cates the secondary structure of this region (see Supple-
mental Fig. S4A for raw trace). The structure of this region
is color-coded according to SHAPE reactivity, where black,
blue, and red indicate reactivity ranges of <0.3 (duplex),
0.3–0.7 (likely single-stranded), and $0.7 (single-stranded),
respectively. SHAPE constraints were used to create the
secondary structure model of this region (shown in Fig. 4C),
using the RNAstructure program. This model is consistent
with SHAPE data and color-coded according to reactivity.
Notably, many regions are found to show low reactivity and
also to be in the duplexed state, as shown in Figure 4C.
Moderate and highly reactive nucleotides are found mainly
in loops and internal bulges consistent with them being
single-stranded. Importantly, a few nucleotides in loop
regions, such as AUA in the pre-miR-17 loop, as well as in
internal bulges showed low reactivity which points to their
possible involvement in stacking interaction with neigh-
boring base pairs or themselves base-pairing with other
parts of the molecule. This is consistent with similar
observations for other structured RNAs also analyzed by
SHAPE (Watts et al. 2009). The accuracy of this SHAPE-
based structure was compared with the structure predicted
from phylogenetic analysis, as well as from the minimum
free-energy model generated by the RNAstructure algo-
rithm. This SHAPE directed model is consistent with the
phylogenetic structure in that those nucleotides predicted

to show evolutionarily conservation due to base-pairing
possibility are also experimentally validated in the SHAPE
model (see Supplemental Fig. S5A). A small 36-bp hairpin
loop that is not a part of any pre-miR region, that is also
predicted by phylogenetic analysis, was experimentally
confirmed by the SHAPE directed model (see Fig. 2B).
There are marginal inconsistencies in the case of a few
loop residues of pre-miR-18a where the SHAPE-predicted
structure, when it is part of the whole transcript, does not
match the experimentally found structure when analyzed as
an isolated domain.

It is well-known that the adoption of tertiary structure by
RNA simultaneously results in the burial of several tracts of
nucleotides within the core of the folded structure (Rangan
et al. 2003). The existence of such buried nucleotides may
be revealed by probing solvent accessibility of nucleotides
on the folded RNA transcript. This solvent accessibility of
nucleotides on pri-miR-17-92a was probed by hydroxyl radical
footprinting where in situ–generated hydroxyl radicals cleave
locations on the RNA backbone directly proportional to their
solvent exposure. Hydroxyl radicals were generated in situ
using Fe(II)-EDTA, H2O2 in a solution of in vitro-transcribed
pri-miR-17-92a in the presence and absence of Mg2+, followed
by analysis using primer extension performed with fluo-
rescently labeled primers that were then resolved by cap-
illary electrophoresis. This yielded single-nucleotide-resolution
cleavage information reporting on solvent exposure over
a 225-nt tract at the 59 terminus of pri-miR-17-92a (lower
panel, Fig. 4B; Supplemental Figs. S4B, S6A). Cleavage
intensities were normalized to a scale from 0 to 1.5, where
1.0 is defined as the average intensity of highly reactive

FIGURE 3. (A) Unpaired adenosine/paired adenosine ratio is shown for different large RNAs along with pri-miR-17-92a. For large structured
RNAs, the unpaired/paired adenosine ratio is found to be >1, which qualitatively indicates adenosine-mediated tertiary contacts. Pri-miR-17-92a
also has a Au/Ap ratio close to group II intron, indicating possible tertiary contacts mediated by adenosines. t-RNA serves as the control. (B)
Sequence logo representation of terminal loop structures of different pre-miRNAs present in this cluster. Individual pre-miRNA structures are
predicted from comparative sequence analysis, and terminal loop sequences are confirmed from known structures or phylogenetic sequence
analysis. It is clear that pre-miR-18a, 19a, and 19b have very high sequence conservation.
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nucleotides. On this scale, nucleotides with reactivities that
are # half the mean reactivity are generally considered
solvent-inaccessible. Many regions indicated in green (15%
of the sequence analyzed) showed tracts of solvent-inaccessible
nucleotides according to the above mentioned scale. For
example, the longest tract of nucleotides that were found to
be solvent-inaccessible were A94–G106. Importantly, many
symmetric and asymmetric internal bulges such as those
present in the pre-miR-17 stem–loop were found to be
solvent-inaccessible although they are reactive to NMIA.
In many structured RNAs, such single-stranded regions
often mediate tertiary interactions. Notably, G65 in the
loop of pre-miR-17 and 4 nt (G198–U199 and G201–A202)
located in the pre-miR-18a loop showed solvent inaccessi-

bility. This indicates a burial of these regions due to further
compaction, namely tertiary structure formation. Of par-
ticular interest, G198–U199 and G201–A202, which are
known to function as hnRNP A1 binding sites, were
found to be solvent-inaccessible when the pre-miRs are
part of whole transcript pri-miR-17-92a. Thus, it might be
possible that, in order to access these particular sites,
hnRNP A1 would first have to bind the tertiary structured
pri-miR-17-92a and unmask these sites for subsequent
remodeling by further hnRNP A1 binding. There are also
many sites which are solvent-protected on the inter-pre-miR
stem–loop region between pre-miR-17 and pre-miR-18a.
Thus, this hairpin loop also gets buried in the course of pri-
miR-17-92a adopting its tertiary structure.

FIGURE 4. SHAPE and hydroxyl radical probing of pri-miR-17-92a. (A) Histogram of absolute nucleotide reactivities determined by SHAPE
analysis of the pre-miR-17-18a region in the presence of Mg2+ ions. Color-coding is according to NMIA reactivity. (B) Histogram of cleavage
intensity versus nucleotide position for the pri-miR-17-18a in the presence of Mg2+, determined using in situ–generated hydroxyl radicals.
Solvent-inaccessible nucleotides in the folded RNA (intensities # one-half the mean) are indicated in green (black arrows). (C) Secondary
structure of the pre-miR-17-18a predicted by RNA structure with SHAPE constraints. Nucleotides are color-coded according to their reactivity
toward NMIA. Solvent-inaccessible nucleotides are shown in green.
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Pri-miR-17-92a undergoes folding transitions

A combination of SHAPE analysis and hydroxyl radical
footprinting on pri-miR-17-92a revealed that the transcript
adopts a tertiary structure that required Mg2+ ions. The
dramatic reactivity difference of a large tract of pri-miR-17-
92a hinted at the possibility that this cluster might undergo
a folding transition reminiscent of other structured RNAs
where folding is essential to RNA functionality (Su et al.
2005; Baird et al. 2007). In order to see if the Mg2+-dependent
structural changes could be captured by circular dichroism
(CD) spectroscopy, a solution of 0.4 mM pri-miR-17-92a,
in 10 mM sodium cacodylate buffer, pH 7, 150 mM NaCl, 0.1
mM EDTA, in the presence and absence of 10 mM Mg2+ were
compared (see Supplemental Fig. S7A). Both samples showed
CD profiles reminiscent of A-helical RNA. Importantly, upon
addition of Mg2+, an increase in CD signal centered at 275 nm
was observed, indicating extra base-pairing within the tran-
script facilitated specifically upon addition of Mg2+. When
8 M urea was added to 0.4 mM pri-miR-17-92a in 150 mM
Na+, 10 mM Mg2+, it resulted in a substantial decrease in CD
signal, characteristic of a urea-dependent denaturation of
RNA structure (see Supplemental Fig. S7B). Taken together,
these experiments present evidence that the pri-miR-17-92a
cluster has the potential to fold in a Mg2+-dependent manner
into a tertiary structure. If this cluster adopts a well-defined
structure mediated by secondary and tertiary interactions,
then it should undergo characteristic folding and unfolding
transitions induced by Mg2+ addition and depletion. For
this, 1 mM pri-miR-17-92a was dissolved in 10 mM sodium
cacodylate buffer, pH 7, 150 mM NaCl, to which incremental
amounts of Mg2+ were added, and circular dichroism of the
sample was measured. As evident from Figure 5A, increasing
Mg2+ showed a sigmoidal increase in signal at 278 nm, in-
dicating that the pri-miRNA transcript undergoes a struc-
tural transition or folding mediated specifically by Mg2+. This
is supported by its UV absorbance at 278 nm that concom-
itantly shows a characteristic decrease due to increased
Mg2+-induced base stacking.

It is well-known that folded RNA molecules held together
by tertiary interactions are more compact in size than in
their unfolded state which is reflected in the change in their
hydrodynamic radius (RH). To probe the change in RH upon
addition of Mg2+, we probed the fluorescence anisotropy of
fluorescently labeled pri-miR-17-92a. Fluorescence anisot-
ropy is directly proportional to the hydrodynamic volume of
the RNA given by the Perrin equation. First, ensemble Mg2+

titration experiments were performed on the labeled pri-
miR-17-92a to (1) verify the Mg2+ concentration regime
associated with the folding transition, and (2) provide results
to compare with the subsequent single molecule experiments.
To 50 nM Alexa-488-labeled pri-miR-17-92a in 50 mM
HEPES-KOH, pH 7.5, 100 mM KCl, and 1 mM EDTA in-
cremental amounts of Mg2+ were added, and the fluorescence
anisotropy was monitored. As shown in Figure 5B, the mean

fluorescence anisotropy of the RNA decreased with increas-
ing Mg2+ concentrations, indicating lower RH and, therefore,

compaction of the pri-miR-17-92a. Importantly, anisotropy
of the pri-miR-17-92a decreases steadily until a 1 mM con-
centration of Mg2+, beyond which there is no further decrease.
Bulk fluorescence anisotropy measurements indicate that in
the presence of Mg2+ ions there is at least a 50% change in
the hydrodynamic volume of the pri-miR-17-92a. This is
consistent with the observations of other structured RNAs
that become more compact in their completely folded state
held together by tertiary interactions. In order to see
whether this compaction is reversible or not, incremental
additions of EDTA were made to 50 nM of the folded pri-
miR-17-92a sample, and fluorescence anisotropy was mon-
itored. This showed a profile consistent with a three-state
behavior, with transitions occurring between 1–10 mM
EDTA and another at 30 to 70 mM EDTA, recapitulating
the folding curve (see Supplemental Fig. S8B). This strongly
indicates at least two Mg2+ ions bound to the RNA, with
one that is more strongly bound in the RNA requiring five-
to sixfold more EDTA for sequestration. Thus, both Mg2+

and EDTA titration experiments probed by fluorescence
anisotropy indicate Mg2+-specific folding behavior result-
ing in compaction of the pri-miRNA and gives an idea of
the number the Mg2+ ions required to achieve this.

In order to see whether the introduction of fluorophores
into the RNA influenced the above findings, we also moni-
tored the change in hydrodynamic radius, RH, by Mg2+ titra-
tions using a label-free technique such as dynamic light
scattering. To 5 mM pri-miR-17-92a in 50 mM HEPES-KOH,
pH 7.5, 100 mM KCl, and 1 mM EDTA, an incremental
amount of Mg2+ was added, and the hydrodynamic radius
was measured as a function of Mg2+ concentration. As
expected, we observed a decreasing RH with Mg2+ concentra-
tion, as shown in Supplemental Figure S9A, which resembles
the curve obtained by fluorescence anisotropy. Thus, incor-
poration of fluorophores does not significantly hamper pri-
miRNA folding, and further, the sharp distribution of RH

at such high (6.8 6 0.5 nm) RNA strand concentrations
is indicative of virtually no aggregation, suggesting a well-
folded, highly structured RNA.

Pri-miR-17-92a transcript dynamics probed by single
molecule fluorescence anisotropy

There are several examples where RNA function is synon-
ymous with its specific secondary and tertiary structure
and, in some cases, where its function is modulated by its
structural plasticity or the ability to adopt stable alternate
structures in response to specific stimuli, e.g., riboswitches
or 7SK RNA (Smith et al. 2009; Herreweghe et al. 2007).
Given that protein binding can drive an RNA folding path
into an alternate structure, we wanted to quantitate the
extent of inherent dynamicity in the folded state of the pri-
miR-17-92a and assess its inherent capacity to sample mul-
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tiple conformations in the absence of proteins, one of
which might be stabilized upon interaction with protein
partners. The contrary case would imply the need for spe-
cific factors that can open up the structure in order to drive
processing.

Conformational distribution of an RNA molecule has
been generally measured using single molecule fluorescence
resonance energy transfer (FRET) that requires prior knowl-
edge of the high resolution structure of the RNA for the intro-
duction of a FRET pair at well-defined positions (Clegg 1992).
However, a recently developed single molecule anisotropy-
based method circumvents the need for a high resolution
structure by measuring the hydrodynamic volumes of single
RNA molecules, which also yields compaction heterogeneity
or RNA dynamics within a given population (Sinha et al.
2006). Here, population distributions of conformations report-
ing on overall RNA dynamics are studied from a measure of
anisotropy of single RNA molecules diffusing through a
confocal volume at any instant. The pri-miR-17-92a is labeled
by incorporating Alexa-488-labeled rUTP in an in vitro tran-

scription mixture so that each of the transcripts incorporates
at least two rUTPs at random uridine residues of the tran-
scripts. This method works as long as (1) introduction of the
fluorophore does not change the native structure and (2)
structure formation does not change the lifetime of the
fluorophore (see Supplemental Figs. S9B, S10). The fluo-
rophore can rotate about its linker (local motion) as well as
around the axis of the pri-miRNA cluster (global rotation).
Both local and global rotation will depolarize the fluores-
cence which can be quantified by anisotropy. The hydro-
dynamic volume dependence on anisotropy is given by
the Perrin equation: r = r0/[1 + (tRT/hV)], where r is the
anisotropy of the fluorophore, r0 is the anisotropy of the
immobilized fluorophore, h is the viscosity of the medium,
t is the lifetime of the fluorophore, R is the gas constant, T is
temperature, and V is the hydrodynamic volume of the RNA.
The effective hydrodynamic volume of pri-miR-17-92a thus
depends inversely on the extent of secondary structure and
tertiary contacts that reflects the extent of RNA folding that
leads to RNA compaction. This, in turn, dictates its trans-

FIGURE 5. Mg2+-dependent structural transition and compaction of pri-miR-17-92a. (A) Increase as well as decrease in CD and UV signals,
respectively, at 278 nm as a function of Mg2+ concentration. RNA concentration was kept at 1 mM in 10 mM sodium cacodylate buffer, pH 7,
150 mM NaCl, and 0.1 mM EDTA. An increase in the CD signal at 278 nm is indicative of helix and tertiary structure formation. (B) Mg2+ ion-
dependent collapse of 50 nM Alexa-488-labeled pri-miRNA 17-92a in 50 mM HEPES-KOH, pH 7.5, 100 mM KCl, and 1 mM EDTA is followed by
anisotropy with incremental addition of Mg2+. The titration curve is fitted with the Hill equation. (C) Single molecule anisotropy histogram of folded
pri-miR-17-92a (500 pM in 50 mM HEPES, KOH, 100 mM KCl, and 5 mM MgCl2) and unfolded pri-miRNA (with 5 mM EDTA, no Mg2+).
Histograms are constructed from anisotropy values of freely diffusible Alexa-488 labeled pri-miRNA molecules in either of the states mentioned
above. A threshold (Ip+Iperp) of 40 counts was used to discriminate single molecule peaks from background. (D) Pri-miRNA 17-92a conformational
dynamics in the folded and unfolded state was captured using 70% glycerol. 1 nM folded and/or unfolded pri-miRNA was mixed with glycerol to
have a 70% aqueous glycerol system, and anisotropy trajectories of single molecules were collected. A very large heterogeneous distribution from one
such representative trajectory in the case of an unfolded sample indicates conformational plasticity in the absence of Mg2+ ions, as compared to the
folded sample.
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lational and rotational dynamics in solution as well as the
sampling times of various conformational states.

For the experiments, two samples were prepared at 0.5
nM concentration in 50 mM HEPES, KOH, pH 7.5, 100
mM KCl, and 1 mM EDTA with and without 10 mM Mg2+.
Samples were excited by an Ar ion laser 488-nm line, and
single molecule bursts were collected for each sample in
two APDs located perpendicular to each other. Anisotropy
of single molecules of pri-miRNAs was measured after
filtering the data at a threshold of 40 counts. Anisotropy
values for each sample were collected and presented as a
histogram in Figure 5C. From both distributions of anisot-
ropy values for pri-miR-17-92a it is evident that the width
of the distribution of anisotropy in the presence of Mg2+

(w = 0.076) is much narrower than without Mg2+ (w = 0.106).
This is consistent with the DLS studies that also indicate
greater molecular compaction of the RNA in the presence
of Mg2+ due to adoption of a specific tertiary structure by
the pri-miR-17-92a. To investigate the conformational
dynamics in the folded (+Mg2+, F state) and unfolded
states (�Mg2+, U state), single molecule trajectories were
recorded in 70% glycerol for both samples. It has been
shown that the high viscosity of the glycerol water interface
in a 70% glycerol solution of biomolecules functionally
mimics relevant immobilized systems (Ha et al. 1999),
enabling the assignment of distinct molecular states con-
sistent with the observed distribution. The higher viscosity
of 70% glycerol retains a given RNA molecule for a longer
time period within the confocal spot, thus enabling the
continuous measurement of anisotropy on an RNA mol-
ecule undergoing fluctuations. As shown in Figure 5D, the
spread of the distribution in the case of the unfolded state
(without Mg2+) indicates high conformational heterogene-
ity associated with a low degree of compaction, while the
anisotropy distribution of the folded (+Mg2+) indicates
a highly compact state which is relatively inflexible (see
Supplemental Fig. S11A for trajectories). Thus, these
experiments reinforce that, in the presence of Mg2+ ions,
the pri-miR-17-92a cluster adopts the single folded state,
with low conformational dynamics. They also reveal that
the unfolded transcript (�Mg2+) is much more conforma-
tionally dynamic. This can be reconciled with Figure 2B,
which shows the thermodynamically most stable secondary
structure of pri-miR-17-92a as predicted by RNAfold
(Hofacker et al. 1994). It is also color-coded according to
base-pairing probability, i.e., the probability of occurrence
of each base pair in an ensemble of structures calculated
using partition functions which sum all the Boltzmann
weighted free-energies of each base pair in all possible
secondary structures (McCaskill 1990). When this base-
pairing probability is grafted on the mean free-energy
structure, it is apparent that barring pre-miR-18a, all the
individual pre-miRNA hairpins are conserved and, there-
fore, invariant in the ensemble. However, pre-miR-18a
shows a high amount of variability in its base-pairing

probability, indicating the potential for structural plasticity.
The base-paired regions between the individual pre-miRNA
domains indicate relatively reduced base-pairing probabil-
ities, too. These regions could contribute to the dynamicity
observed in the single molecule experiments, in the absence
of Mg2+ ions. Thus, the experimental observation of con-
formational dynamicity of the pri-miR-17-92a transcript
under conditions that promote secondary structure forma-
tion is consistent with a theoretical prediction of flexibility
based on energetics present in the secondary structure of the
pri-miR transcript.

The shuffled transcript shows perturbed
tertiary structure

Using biochemical and biophysical methods, we established
that native transcript pri-miR-17-92a undergoes a folding
transition to adopt a well-defined tertiary structure. If this
is true, then a shuffled transcript containing an altered
order of hairpins might not have the potential to adopt the
right folds to attain this tertiary structure. To investigate
this, we used size exclusion chromatography (SEC) in
conjunction with dynamic light scattering to compare the
changes in RH of pri-miR-17-92a as well as the shuffled
transcript pri-miR-20a-19a as a function of Mg2+ ions.
Interestingly, it was found by SEC that, in conditions that
promoted folding, pri-miR-17-92a showed a sharp peak in
the chromatogram (Fig. 6A), while the shuffled transcript
pri-miR-20a-19a showed a peak with a broad shoulder,
indicating at least two structures that rapidly interconvert
on SEC time scales. When the RH was measured by DLS,
pri-miR-20a-19a showed a significantly higher radius (RH =
9.8 nm) with a broad distribution compared to pri-miR-
17-92a (RH = 6.8 nm) (Fig. 6B). Thus, biophysical methods
clearly indicate that the shuffled transcript pri-miR-20a-19a
shows a distinct impairment in its ability to adopt tertiary
structure, unlike pri-miR-17-92a. We also sought to obtain
biochemical evidence of this by using an RNA aptamer,
which has been shown to bind the apical loop of pre-miR-
18a and A433-G441 in the native transcript in the presence
of 5 mM Mg2+ ions (Lunse et al. 2010). The interaction
between this aptamer and each of the pri-miR transcripts,
pri-miR-17-92a and pri-miR-20a-19a, would indicate
whether or not loss or alteration of tertiary structure could
impact recognition of the RNA toward another biomolecule.
We could, thus, use aptamer binding as a probe of RNA
structure or dynamics or both. A careful analysis of the
binding sites indicates two RNA motifs; the first one
comprises the sequence 59-AUCUAC complementary to
the apical-loop domain of pre-miR-18a, while the second
site (sequence 59-CGACACAAU) is complementary to a
region located between pre-miR-19a and pre-miR-20a.
This aptamer is, thus, well placed to monitor the Mg2+-de-
pendent changes in pri-miR-17-92a (see Supplemental Fig.
S12). Upon incubation of pri-miR-17-92a with labeled
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aptamer for 30 min in different Mg2+ ion concentrations
(data not shown), native PAGE indicated that binding was
complete at 3 mM Mg2+ ion concentration. Importantly,
pri-miR-17-92a did not bind the aptamer in the absence of
Mg2+. The two aptamer binding sites are positioned 228 nt
apart in the linear sequence of pri-miR-17-92a, the binding
of which is possible only if the helices are proximal to each
other in 3D space, which is facilitated by tertiary structure.
Under similar conditions, pri-miR-20a-19a bound the
aptamer efficiently independent of Mg2+.

Effect of tertiary structure on processing in cellulis

We have shown that pri-miR-17-92a has a well-defined
tertiary structure, and, though the shuffled transcript pri-
miR-20a-19a contains the same sequence information, it
does not possess a distinct higher-order structure. However,
both the transcripts pri-miR-17-92a (N) and pri-miR-20a-
19a (S) were processed into their respective pre-miRNA
products, with the products from pri-miR-20a-19a showing
much higher levels (see Fig. 1C; Supplemental Fig. S2B). In
order to address the amount of substrate primary miRNA
present at equilibrium in each case, we assessed the relative

primary transcript levels in HeLa and HEK 293T cells
transfected with pri-miR-17-92a and pri-miR-20a-19a. Total
RNA in each case was isolated and reverse-transcribed using
primers specific for pri-miR-17-92a and pri-miR-20a-19a,
and then the cDNA was used for RT-PCR. This immediately
gave a qualitative indication that, in both HeLa cells and
HEK 293T cells, though the pri-miR-17-92a was present,
pri-miR-20a-19a was not detectable (see Supplemental Fig.
S13). In order to quantify the equilibrium levels of pri-miR-
17-92a and pri-miR-20a-19a transcripts in cellulis, we per-
formed qPCR using specific primers on total RNA isolated
from HeLa cells 24 h post-transfection. The qPCR analysis
confirmed that, in cellulis, the equilibrium levels of pri-miR-
17-92a were nearly 70-fold greater than pri-miR-20a-19a.
Given that (1) the in vitro lifetimes of both transcripts are
similar (data not shown), (2) the rate of production of the
transcripts in cellulis should be comparable as they utilize the
same promoter, and (3) they give rise to the same product
identities, and yet their equilibrium levels are so different, we
were prompted to investigate the kinetics of processing of
both transcripts under the same conditions. This was
investigated in vitro by incubating either the pri-miR-17-
92a or pri-miR-20a-19a transcripts in HeLa cell extract and

FIGURE 6. (A) Size-exclusion chromatogram of 1 mM pri-miR-17-92a and 20a-19a in folding buffer (composition: 50 mM HEPES, KOH, pH
7.5, 100 mM KCl, 5 mM Mg2+). The same buffer is used as the running buffer with a flow rate of 0.5 mL/min. (B) Dynamic light-scattering
experiments with 1 mM pri-miR-20a-19a and pri-miR-17-92a in folding buffer. (C) Relative levels of pri-miRNA from native (pri-miR-17-92a)
and shuffled (pri-miR-20a-19a) transcripts. Total RNA was isolated 24 h post-transfection from HeLa cells transfected either with empty pcDNA
3 vector, or pri-miR-17-92a-pcDNA3, or pri-miR-20-19a-pcDNA3 and was used for qRT-PCR using primers specific for each pri-miR indicated.
28S rRNA was used as an endogenous control, and levels were normalized to the empty vector. (D) Quantification of Northern blots to probe full-
length native and shuffled transcripts remaining after in vitro processing shows that the kinetics of processing of native transcript is much slower.
Initial rates were determined from the kinetic traces expressed as mean 6 s.d. from three independent experiments, shown in the inset.
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detecting the unprocessed full-length transcript in a time-
dependent manner, using a specific radio-labeled primer.
Northern blot analysis showed that processing is, indeed,
faster in the case of the shuffled transcript pri-miR-20a-19a
than in the native, folded transcript pri-miR-17-92a (see
Fig. 6D, also see Supplemental Fig. S14).

The time taken for 50% of the transcript to be processed
in the case of pri-miR-17-92a and pri-miR-20a-19a was
z120 min and 40 min, respectively. The rate of processing
for pri-miR-17-92a and pri-miR-20a-19a was quantified by
the initial rate method, given that the order of the reaction
is not known, and this showed that the rate of processing of
pri-miR-20a-19a is about fourfold higher than the rate of
pri-miR-17-92a (Fig. 6D, inset). This shows that the tertiary
structure adopted by the primary microRNA transcript has
considerable influence on its processing in vitro and in
cellulis.

DISCUSSION

Transcription is the major regulatory step in the biogenesis
of mature miRNAs. Most primary miRNAs are transcribed
by RNA Pol II, and consequently, their upstream regions
possess canonical core promoters and enhancers similar to
the promoters of protein-coding genes (Saini et al. 2007).
Thus, the transcription factors that regulate primary miRNA
transcription show significant overlap with those that con-
trol protein-coding genes, such as c-Myc and p53 (Simon
et al. 2004). For example, pri-miR-17-92a transcription is
activated by binding of c-Myc transcription factors to E-box
elements of its gene promoter (O’Donnell et al. 2005).
However, mature miRNA expression does not always
correlate with expression of its corresponding pri-miRNA.
In ES cells, though the primary transcript is well-expressed,
its processing is initiated only at a specific time during
differentiation (Thomson et al. 2006). In Xenopus, though
the primary miRNA is transcribed to similar abundances
in different tissues, the resultant mature miRNA products
show very different relative abundances. Further, in ES
cells, Thomson et al. have shown that, even within a given
tissue, relative abundances of the distinct mature miRs
present on the pri-miR-17-92a cluster are quite disparate
and that those relative abundances also change as a function
of cell differentiation status (Thomson et al. 2006). All of
this points to the existence of mechanisms that regulate
miRNA abundances post-transcriptionally, both in the
nucleus and in the cytoplasm. Such post-transcriptional
regulation is achievable by the collective action of a set of
RNA-binding proteins. For example, pluripotency factor
RNA-binding protein Lin28 binds the conserved terminal
loop region of the pre-Let-7d and blocks let-7 production
(Newman et al. 2008). KH-type splicing regulatory factor
KSRP also binds the pri-let-7a loop region and promotes its
processing (Trabucchi et al. 2009). Similarly, heterogeneous
nuclear ribonucleoprotein (hnRNP) A1 binds specifically to

human pri-miR-18a of the pri-miR-17-92a cluster and
facilitates its processing by the Drosha-DGCR8 complex
(Guil and Cáceres 2007). SF2/ASF, a prototypical SR
protein splicing factor, promotes the biogenesis of mir-7 at
the Drosha processing step by binding to the stem of pri-
miR-7 RNA (Wu et al. 2010). The RNA-binding protein
nuclear factor 90 (NF90) and its partner, NF45, are associ-
ated with the microprocessor complex (MPC) and act as
negative regulators of Drosha processing (Sakamoto et al.
2009). The DEAD-box RNA helicases p68 and p72, which
are associated with the large MPC, are required for the
efficient Drosha-mediated processing of a subset of
miRNAs (Fukuda et al. 2007). These are also known to
promote the recruitment of Drosha itself or of auxiliary
factors, such as estrogen-bound ERa, p53 and BMP-specific
SMAD signal transducers that all modulate Drosha pro-
cessing of subsets of miRNAs (Davis et al. 2008; Suzuki
et al. 2009; Yamagata et al. 2009; Yan et al. 2009).

Here, we show that tertiary structure formation by pri-
mary miRNAs influences their processing into pre-miRNAs
(Chaulk et al. 2011). The phylogenetic sequence analysis of
the pri-miR-17-92a transcript revealed that many inter-
pre-miR regions, previously presumed to be nonfunctional
since they do not contain the mature miRNA sequence, are
also conserved. SHAPE and hydroxyl radical footprinting
assays confirmed that such inter-pre-miR regions, too, have
well-defined secondary structure. In addition, specific nucle-
otides in these regions become solvent-inaccessible in the
presence of Mg2+, indicative of tertiary structure in the RNA
transcript. Folding of the RNA into its tertiary structure
might be facilitated by the conserved terminal loops of the
pre-miR domains, the inter-pre-miR regions, or both. The
disruption of such structured inter-pre-miR elements, such
as the region between pre-miR-19a and pre-miR-20a, yields
a shuffled transcript pri-miR-20a-19a with impaired tertiary
structure which shows altered processing efficiency in vitro
and in cellulis. This suggests a model where tertiary structure
formation by a primary miRNA transcript imposes a kinetic
barrier to its processing where the conformation adopted is
transparent to the MPC, leading to an inhibition imposed at
the earliest stage of its processing into pre-miRs. The splicing
machinery has been connected with the recruitment of the
MPC. It is also known that splicing of those introns that
harbor primary microRNA transcripts are retarded com-
pared to those that do not, and the timescales of the latter
are generally on the order of 5–10 min (Singh and Padgett
2009). This is sufficient time to allow the transcribed RNA to
fold. Thus, processing of primary microRNAs could be
envisaged to occur cotranscriptionally, yet post-folding into
a tertiary structure.

One might now consider mechanistically how the in-
teraction of a folded RNA with known processing proteins
could impact its processing. The most simplistic case would
be the difference in processing mechanisms prefolding and
post-folding. It has been observed that premature cleavage
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of ribozyme elements that undergo fast cleavage that are
engineered into introns results in the degradation of the
pre-mRNA transcript (Fong et al. 2009). However, the
inclusion of ribozyme elements that undergo cleavage at
retarded rates allows for proper pre-mRNA splicing (Fong
et al. 2009). Following a similar logic, we know that primary
microRNA transcripts are processed, and thereby cleaved,
cotranscriptionally by Drosha/DGCR8. Absence of a tertiary
structure in a transcript such as pri-miR-20a-19a leads to
a fourfold faster cleavage rate, due to easy accessibility of
binding sites for the MPC. This could result in premature
cleavage that could preclude proper splicing of the host
pre-mRNA transcript. The folding of primary microRNA
17-92a into a well-defined tertiary structure that impedes
processing would aid exon tethering that, in turn, facilitates
appropriate pre-mRNA processing. Considering the abun-
dance of several structured clusters of primary microRNA
transcripts in intronic regions, this could serve as a high-
value benefit of impeded primary microRNA processing.
We are currently investigating this hypothesis experimen-
tally in our laboratory.

In the context of the processing of the primary microRNA
transcript itself into the relevant pre-microRNAs, the
tertiary structure could sequester binding sites, impede
processing, and result in a larger abundance of unprocessed
transcripts. Such unprocessed transcripts have been shown
to accumulate in subnuclear bodies rich in alternative
splicing factors such as sc35. (Pawlicki and Steitz 2008).
Further, we know that, although primary microRNAs are
expressed in ES cells, the corresponding pre- and mature
microRNAs are expressed only at a later developmental
stage. This strongly suggests the binding of an alternate set
of protein factors to folded, unprocessed transcripts that
could mediate an alternate processing fate for the primary
microRNA. In such a scenario, it is worthwhile to consider
structurally how the primary microRNA might access such
alternate fates due to differential protein binding. For
example, the MPC is known to exist in two forms, one of
which is a high molecular weight complex that contains
a DEAD-box helicase such as DDX5 that has been impli-
cated in RNA processing (Fukuda et al. 2007). The high
molecular weight MPC could remodel the transcript by
unwinding the helices, while the low molecular weight
MPC could distort the transcript differently by binding key
ss-ds junctions. These differential distortions by the high
and low molecular weight MPCs could result in a com-
pletely different set of exposed processing protein-binding
sites made available to the system that could result in
alternate processing fates.

Given the accessibility of binding sites of the primary
microRNA transcript to different processing proteins, we
could also consider how alternate processing pathways might
be regulated structurally. In this context, looking more
broadly at microRNA regulation, many let-7 family mem-
bers are known to exist in highly sequence-conserved clus-

ters. It is known that different processing proteins such as
hnRNPA1, Lin 28, and KSRP compete for the same RNA
target, yet bind the target very differently. For example,
binding of Lin28 to RNA helices in the pre-microRNA
domain has been shown to substantially bend the helix
which, in the context of primary microRNA transcript,
could deform tertiary structure of the RNA (Nam et al.
2011). Interestingly, while both KSRP and hnRNPA1 bind
specific loop sequences that remodel RNA secondary
structure, hnRNPA1 has also been shown to bind stem
regions and locally unfold the transcript (Michlewski and
Cáceres 2010). It has been repeatedly shown that secondary
structure is a key determinant of the resultant tertiary
structure of the RNA (Brion and Westhof 1997). Different
secondary structures naturally result in alternate higher-
order structure that could differentially expose processing
sites. Thus, one can envisage how KSRP might facilitate the
processing of let-7, while hnRNPA1 down-regulates the
same despite both being competitive binders of the same
primary microRNA. Further, hnRNPA1 binding in a differ-
ent context of primary microRNA, such as pri-miR-17-92a,
has been shown to locally remodel RNA secondary
structure and facilitate its processing (Michlewski et al.
2008). This indicates the importance of the RNA struc-
tural context of the binding of a given processing protein,
indicating that the RNA is, indeed, an active regulator of
its processing. The tertiary structure of pri-miR-17-92a
might mask recognition sites for the MPC, thus creating
the observed kinetic barrier for its processing. However,
one can also envisage that the folded cluster may be dis-
torted into alternate conformations with the aid of different
RNA-binding proteins that render it a suitable substrate
for alternate processing fates. The protein interaction hier-
archy with the folded transcript would be dictated by the
Kds and relative abundances of the RNA binders in a given
environment.

In order to see whether such a mechanism might be used
more generally by primary miRNA clusters, we used the UCSC
genome browser and investigated phylogenetically several
primary miRNA clusters. We checked, along with the func-
tional pre-miR domains, the extent of sequence conservation
of the ‘‘nonfunctional’’ inter-pre-miR regions by phylogenetic
analysis. As shown in Supplemental Figure S15, we found as
many as 10 different pri-miRNA clusters with multiple miRNAs
($2) that clearly indicate conservation of their inter-pre-miR
regions, strengthening the fact that tertiary structure forma-
tion by pri-miRNA clusters may be a widespread occurrence.

Thus far, primary miRNA clusters are generally repre-
sented as a series of connected hairpins devoid of tertiary
structure that implies efficient processing of all the hairpins
in a cluster, all equally accessible. Such post-transcriptional
regulation of a primary miRNA cluster devoid of tertiary
structure needs to reconcile with stochastic processing that
can occur by the binding of any one of its many RNA pro-
cessing factors, yet results in preferential or asymmetric pro-
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cessing. The present study shows that the folding of the
transcript into a tertiary structure might function as the first
step of post-transcriptional regulation by precluding equal
accessibility of the constituent pre-miR domains to their
relevant protein partners and/or a kinetic barrier that facil-
itates exon tethering for effective and appropriate splicing.
The proposed model suggests autoregulation imposed early
on by the RNA scaffold adopting a tertiary structure.

MATERIALS AND METHODS

Plasmids

All the sequences of the RNA transcripts used for in vitro tran-
scription were cloned into TOPO-pCR 2.1 TA cloning vector
(Invitrogen) and linearized with Sal I and Eco R1 before tran-
scription. The primary sequences pri-miR-17-92a and its related
miniclusters pri-miR-17-19a and pri-miR-20a-92a were obtained
by PCR from human genomic DNA using the oligonucleotide
primers specific for each cluster (see Supplemental Table S1). The
shuffled pri-miR 20-19a cluster was derived from overlap PCR of
17-19a and 20a-92a. The forward primer used for making each
construct for transcription contains the T7 promoter sequence,
and the reverse primer contains a Sal I site. For overexpression of
the pri-miR-17-92a and pri-miR-20a-19a in mammalian cell lines,
the PCR-amplified DNA was cloned into the pcDNA3.1/V5-His-
TOPO TA vector (Invitrogen). The identity of all the constructs was
confirmed by sequencing. The sequences of the primers used for
making different constructs are given in Supplemental Table S1.

Cell transfection

HeLa cells and HEK 293T cells were grown in Dulbecco’s Modifed
Eagle’s Medium (DMEM) with 10% FBS, penicillin, and strepto-
mycin until they reached 70% confluency. For overexpression of
the native pri-miR-17-92a and shuffled pri-miR-20-19a tran-
scripts, the expression plasmid was transfected into these cells
using HeLa Monster (Mirus Bio). The transfected medium was
replaced after 4 h of incubation and replaced with fresh medium.
The cells were collected 24 h post-transfection and used either for
total RNA isolation by using Trizol (Invitrogen) or Small RNA
isolation (mirPremier RNA isolation kit, Sigma).

RT-PCR

For the expression analysis of the native and shuffled transcripts,
total RNA was isolated from both HeLa and HEK 293T cells as
indicated above. Briefly, 3 mg of total RNA was reverse-transcribed
using SuperScript III Reverse Transcriptase (Invitrogen) with gene-
specific primers. 4 mL of the cDNA was used for a standard PCR
using Taq DNA Polymerase (New England Biolabs). As a control,
18S was reverse-transcribed and amplified. The RT-PCR products
were analyzed on a 1% agarose gel.

Quantitative RT-PCR

Total RNAs from cultured HeLa cells were isolated using Trizol
reagent (Invitrogen). RNA samples were reverse-transcribed into
cDNA with Superscript III reverse transcriptase (Invitrogen). Real-
time PCR was performed with gene-specific primers and Power

SYBR Green PCR Master Mix (Applied Biosystems) using the 7500
Fast Real-Time PCR System (Applied Biosystems). For qPCR of pre-
miRNAs, total small RNAs were isolated using miRVAna miRNA
isolation kit (Ambion) according to the manufacturer’s protocol.

Relative quantities of pri-miRNAs and pre-miRNAs were de-
termined using the comparative CT method (DDCT method) as
provided by the manufacturer. Briefly, relative quantities of pri-
miRNAs were determined by this method normalized to an endog-
enous reference (28S rRNA) and relative to the calibrator (empty
vector). Similarly, the pre-miRNA levels of the shuffled transcript
and minicluster 1 were normalized to an endogenous reference
(5.8S) and relative to the native transcript.

Northern blots

Northern blotting of the in vitro processing reactions assesses the
kinetics of the native and shuffled pri-miR transcripts. 5 mg of pri-
miR-17-92a and shuffled pri-miR-20a-19a in vitro transcribed
RNAs were incubated under processing conditions in the presence
of HeLa cell extract in a 50-mL reaction at 37°C for the indicated
times, followed by phenol-chloroform extraction and ethanol
precipitation. The RNAs were mixed with gel loading buffer and
resolved on a 6% denaturing polyacrylamide gel in 13 TBE and
then transferred to Hybond XL Nylon membrane (GE Health-
care). The membranes were UV cross-linked at 1200 mJ using UV
Stratalinker (Strategene), baked at 80°C for 30 min, and prehy-
bridized for 1 h at 40°C in hybridization buffer (13 SSC, 1% SDS,
and 200 mg/mL of salmon sperm SS DNA [Sigma]). Probes for
pri-miR transcripts and U6 RNA (as a loading control) end-
labeled using a [g-P32] ATP (BRIT) and T4 Polynucleotide Kinase
(New England Biolabs) were left to hybridize overnight in hybrid-
ization buffer at 37°C. Following hybridization, the membranes
were washed twice in wash buffer I (13 SSC and 0.2% [w/v] SDS)
for 30 min each and once in wash buffer II (0.23 SSC and 1% SDS)
at 42°C. The blots were then analyzed using a Phosphor Imager
(Typhoon Trio, GE Healthcare).

Kinetic assays

For kinetics of processing, the Northern blots of the in vitro pro-
cessing experiment were quantified. The amount of substrate re-
maining after time t of processing was quantified from the blots
(Image J, NIH) and normalized to the substrate at t = 0. For
determining the initial rates, the traces from three independent
processing experiments constructed for both the native and shuffled
transcripts were taken and expressed as mean 6 s.d.

RNA probing experiments

For the SHAPE reaction, 10 pmols of RNA was taken in folding
buffer (50 mM HEPES-KOH, pH 7.5, 100 mM KCl, 5 mM Mg2+)
and reacted with 3 mM NMIA in DMSO (+NMIA) and with only
DMSO (�NMIA). Similarly, for hydroxyl radical cleavage ex-
periments, RNA in folding buffer was reacted with 1 mL each of
150 mM ascorbate, and 0.3% H2O2 with and without 1 mL 3.75
mM Fe(II)-EDTA for 15 sec. After precipitation of the RNA-
adduct complex and/or cleaved RNA, it was dissolved in water
and used in reverse transcription with primers (binding site 286–
257 nt), each labeled with a different fluorophore (6-FAM,
+NMIA/+�OH; NED, �NMIA/��OH; VIC, ddGTP). Sequencing
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reactions were done by incorporating dideoxynucleotides into reverse
transcriptase mix. After completion, all four reactions were mixed
and precipitated and dissolved in deionized formamide. 10 mL of
such solution were loaded onto the capillary of the ABI 3130xl genetic
analyzer. The resulting electrophoretogram was analyzed by SHAPE
finder software (Vasa et al. 2008).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article and includes
additional methods and results that support findings described in
the main text.
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NOTE ADDED IN PROOF

During the submission of this work, Chaulk et al. (2011) also
showed complementary evidence of tertiary structure formation
by pri-miR-17-92a at 2 nm resolution that showed a globular
structure by Cryo EM. They addressed the effect of tertiary
structure on processing in vitro using purified MPC components.

REFERENCES

Ambros V. 2004. The functions of animal microRNAs. Nature 431:
350–355.

Baird NJ, Fang XW, Srividya N, Pan T, Sosnick TR. 2007. Folding of
a universal ribozyme: The ribonuclease P RNA. Q Rev Biophys 40:
113–161.

Brion P, Westhof E. 1997. Hierarchy and dynamics of RNA folding.
Annu Rev Biophys Biomol Struct 26: 113–137.

Bushati N, Cohen SM. 2007. MicroRNA functions. Annu Rev Cell Dev
Biol 23: 175–205.

Chaulk SG, Thede JL, Kent OA, Xu Z, Gesner EN, Veldhoen RA,
Khanna SK, Goping IS, MacMillan AN, Mendell JT, et al. 2011.
Role of pri-miRNA tertiary structure in miR-17z92 miRNA
biogenesis. RNA Biol 8: 1–10.

Chen K, Rajewsky N. 2007. The evolution of gene regulation by
transcription factors and microRNAs. Nat Rev Genet 8: 93–103.

Clegg RM. 1992. Fluorescence resonance energy transfer and nucleic
acids. Methods Enzymol 211: 353–387.

Davis BN, Hilyard AC, Lagna G, Hata A. 2008. SMAD proteins control
DROSHA-mediated microRNA maturation. Nature 454: 56–61.

Filipowicz W, Bhattacharyya SN, Sonenberg N. 2008. Mechanisms of
post-transcriptional regulation by microRNAs: Are the answers in
sight? Nat Rev Genet 9: 102–114.
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