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ABSTRACT

MicroRNAs (miRNAs) are key mediators of post-
transcriptional gene regulation. The miRNA precur-
sors are processed by the endonucleases Drosha
and Dicer into a duplex, bound to an Argonaute
protein and unwound into two single-stranded
miRNAs. Although alternative ways to generate
miRNAs have been discovered, e.g. pre-miRNA
cleavage by Ago2 or cleavage products of
snoRNAs or tRNAs, all known pathways converge
on a double-stranded RNA duplex. Exogenous
single-stranded siRNAs (ss-siRNAs) can elicit an ef-
fective RNA interference reaction; recent studies
have identified chemical modifications increasing
their stability and activity. Here, we provide first
evidence that endogenous, unmodified, single-
stranded RNA sequences are generated from
single-stranded loop regions of human pre-miRNA
hairpins, the so called loop-miRs. Luciferase assays
and immunoprecipitation validate loop-miR activity
and incorporation into RNA-induced silencing
complexes. This study identifies endogenous
miRNAs that are generated from single-stranded
regions; hence, it provides evidence that precur-
sor-miRNAs can give rise to three distinct endogen-
ous miRNAs: the guide strand, the passenger strand
and the loop-miR.

INTRODUCTION

Small RNAs are important post-transcriptional regulators
of gene expression [reviewed in (1)]. Endogenously,
microRNAs (miRNAs) are transcribed mostly by RNA
polymerase as long primary microRNA transcripts, the
pri-miRNA. These long pri-miRNA precursors are pro-
cessed by the RNase III enzyme Drosha and its cofactor

DiGeorge syndrome critical region gene 8 (DGCRS) into
hairpin precursors, the pre-miRNA (2,3). Dicer and its
cofactor TRBP (the human immunodeficiency virus
transactivating response RNA-binding protein) cleave the
pre-miRNA hairpin separating the loop from the double-
stranded stem forming an miRNA duplex (4). Dicer and the
miRNA duplex form a ternary complex with Argonaute
(Ago) proteins (5). The duplex is unwound, giving rise to
the active single-stranded miRNA in the RNA-induced
silencing complex (RISC) that targets mRNAs for degrad-
ation or translational inhibition (6,7). In general, the
mature miRNA with the less stable base pair at the 3’-end
is selected as guide strand (8,9). However, evidence is
mounting that for some miRNAs, both strands of the
miRNA duplex can act as active miRNAs and contribute
to physiological and pathological processes (10,11).

Recently, alternative miRNA processing pathways have
also been described: mirtrons (12-14), snoRNA- and
tRNA-derived miRNAs (15,16) are produced independ-
ently of the nuclear microprocessor complex of Drosha/
DGCRS. Mirtrons are derived from small introns that
form a pre-miRNA hairpin after splicing and debranching
of the lariat. Double-stranded regions of other classes of
RNA, such as snoRNAs or tRNAs, could be processed
directly by Dicer or by currently unknown RNases. In
turn, the biogenesis of miR-451 depends on Drosha-
mediated cleavage but does not require Dicer processing
(17-19). Instead, pre-miR-451 is loaded directly into Ago
proteins and is further processed by the slicer function of
Ago?2 into an Ago2-cleaved pre-miRNA or ac-pre-miRNA
(20) and then further trimmed by a currently unknown
exonuclease to its final length (17-19).

Exogenously, short interfering RNA (siRNA) or short
hairpin RNA (shRNA) can be delivered into the cell as an
miRNA duplex or hairpin, respectively, to silence specific
target genes. Despite the different biogenesis pathways of
endogenous and ectopic small RNAs, they all share one
common feature: in the end, they form a double-stranded
short RNA duplex that gives rise mostly to one active
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guide strand representing the mature small RNA. This
step is believed to stabilize the miRNA by protecting it
from ubiquitous RNases degrading single-stranded
RNAs. Nonetheless, the non-selective loading of
abundant RNA oligonucleotides of the correct length
has been shown in multiple systems, including recombin-
ant Argonaute proteins (21-24). Exogenous single-
stranded siRNAs have been shown to be able to elicit an
RNA interference (RNAi) response ‘bypassing’ the
microRNA biogenesis pathway (21,25). However, the sig-
nificance of the bypass Argonaute loading pathway for
endogenous small RNAs remains to be elucidated. Only
recently, chemical modifications to stabilize and activate
these ss-siRNAs in vivo have been described (26,27). Given
this observation, we asked whether endogenous unmodi-
fied miRNAs could also be generated from single-stranded
regions. Indeed, we discovered loop-miRs, which are
active miRNAs of moderate abundance derived from the
single-stranded loop region of selected pre-miRNA
hairpins. While these have been previously emerging in
deep sequencing libraries of small RNAs of vertebrates
and flies (28-30), they have so far been overlooked as
mere byproducts of miRNA biosynthesis. Here, we show
that selected human pre-miRNAs can give rise to stable,
Ago2-binding and active mature miRNAs derived from
the hairpin loop, which we call loop-miRs.

MATERIALS AND METHODS
Cell lines, transfection, knockdown and treatments

A549 and HEK293 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal calf
serum (FCS) and glutamine (Sigma, Taufkirchen,
Germany) at 37°C in 5% CO,. HepG2 cells were
cultured in Roswell Park Memorial Institute medium
(RPMI) with 10% FCS and glutamine (Sigma) at 37°C
in 5% CO,. For plasmid transfection, cells were seeded to
reach 90% confluence at the day of transfection, and 3 pg
of plasmid DNA was transfected with 10pl of
polyethylenimine (PEI) in per well in six-well plates.
Transcription was inhibited by tris-buffered saline (TBS
buffer) adding media containing actinomycin D (10 pg/ml
in dimethylsulfoxid (DMSO); Applichem Darmstadt) or
the appropriate control, and A549 cells were lysed in
1 ml of TRIzol (Invitrogen) at the indicated time points.

RINA extraction, quantitative reverse
transcriptase—polymerase chain reaction,
northern blotting and fractionation

Cells were lysed in 1ml of TRIzol (Invitrogen) at the
indicated time points. RNA was isolated according to
the manufacturer’s recommendation with minor modifica-
tions. miRNA expression was detected by stem—loop
TagMan assays as previously described (31). miRNA
northern blotting was performed as previously described
(20). Nuclear and cytoplasmic fractionation was per-
formed according to previously published protocols (32).
Primer and probe sequences are listed in Supplementary
Table S3. For the comparative quantification of the miR-
219-loop and the miR-219-5p guide strand, 1 and 5 fmol

synthetic RNA oligonucleotides were subjected to quanti-
tative reverse transcriptase—polymerase chain reaction
(QRT-PCR), and the expression values in different cell
lines were corrected for the different amplification effi-
ciency of the respective primer pairs (Figure 4B).

Expression plasmid cloning and mutagenesis

miRNA expression plasmids were cloned into the
pcDNA3.1D-TOPO vector (Invitrogen) by TOPO
cloning using the primers listed in Supplementary Table
S3. Luciferase constructs were generated using the
psiCheck2 vector (Promega, Mannheim, Germany).
Cloning or sources of other expression plasmids were
described previously (20). Primer sequences are listed in
Supplementary Table S3.

Luciferase assays

HEK?293 cells were seeded to reach 80% confluence at the
day of transfection and transfected with 1.2 pg of plasmid
DNA and 4.0 ul of PEI (1 mg/ml) in a 24-well plate. Each
transfection contained 200 ng of psiCheck2-Firefly expres-
sion construct, including the 3’-untranslated region
(3’-UTR) of interest, 500ng of expression plasmid for
the miRNA of interest and 500ng of Ago2 expression
plasmid. After 72h, cells were lysed in 150 ul of passive
lysis buffer (Promega, Mannheim). Twenty microliters of
lysate was subsequently analyzed using 50 ul of LAR II
substrate or Stop&Glow (1:3 dilutions) to determine
Firefly and Renilla luciferase activity, respectively (Dual
Luciferase Reporter Assay System; Promega). Each
sample was analyzed in quadruplicates, and each transfec-
tion was carried out at least three times. Firefly activity
was normalized to Renilla activity, and mean values plus
standard error of mean are depicted. Reporter constructs
encoding luciferase fused to a 3’-UTR with mismatches in
the seed region served as negative controls. Sequences are
listed in Supplementary Table S3.

Co-immunoprecipitation

For co-immunoprecipitation (Co-IP) experiments, one
15-cm plate of 80% confluent HEK293 cells per sample
was transfected with appropriate plasmids for 2 days.
Cells were washed twice with phosphate-buffered saline
(PBS) and lysed in 350 pl of lysis buffer [150 mM KClI,
25mM Tris—=HCl (pH 7.5), 2mM ethylenediaminete-
traacetic acid (EDTA), 0.5% NP-40, 1mM NaF,
0.5mM dithiothreitol (DTT) and 2mM 4-(Q2-
aminoethyl)-benzensulfonylfluorid (AEBSF)] for 5 min
on ice. Lysates were cleared by centrifugation at 17 000g
for 10 min at 4°C and incubated with 20 pl of anti-FLAG
M2 agarose beads (Sigma) rotating at 4°C for 2h. All IP
samples were washed three times with 1.5ml of IP wash
buffer (300 mM NaCl, 50 mM Tris (pH 7.5), 0.05% NP-40
and 5mM MgCl,) and once with PBS. For the detection
of proteins, beads were boiled in protein sample buffer.
For the detection of associated RNAs, beads were lysed in
1 ml of TRIzol (33).
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RESULTS

miRNA precursors can generate three distinct
single-stranded mature miRNAs

In general, one strand of an miRNA duplex is assumed to
be incorporated into the RISC and is, hence, termed the
guide strand. In contrast to this generally accepted model,
the passenger strand of some miRNA duplexes can also be
incorporated into the RISC (34-39). In some cases, both
arms of the pre-miRNA hairpin are found in signifi-
cant amounts (40). Furthermore, single-stranded,
S'-phosphorylated and chemically modified RNA oligo-
nucleotides could effectively mediate RNAi (26,27).
Therefore, we wanted to elucidate whether endogenous
pre-miRNAs could give rise to even more active molecules
than the guide and the passenger strand, as well as to
determine whether endogenous miRNAs could also be
generated from single-stranded RNA sequences. We
hypothesized that the loop region of pre-miRNAs after
Dicer cleavage—if of the right size—could also be active
miRNAs. We termed these hypothetical molecules ‘loop-
miRs’, reflecting their origin from the pre-miRNA loop
and distinguishing them from the 5'-arm (5p) and 3’-arm
(3p) of the hairpin (Figure 1A). To identify the length of
human pre-miRNA loops, precursor sequences were
analyzed using the miRNA sequence repository miRBase
(version 18) (41). Of the 480 annotated human precursor-
miRNAs with defined 5p and 3p sequences, 50 displayed a
loop size 20-23 nt corresponding to the length of most
endogenous mature miRNAs. The minimum loop length
consisted of 8nt, even though 4nt would be sufficient to
form a loop (Figure 1B and C). Notably, this corroborates
data from artificial precursors verifying that Dicer
cleavage is supported by a larger loop region (42,43).
We analyzed the predicted structure of selected examples
with silencing activity (Figure 3) using the publicly avail-
able software Mfold (44) (Figure 1D), confirming that the
loop regions are single-stranded.

To test the expression of these potential loop-miRs
(Figure 1C), we performed qRT-PCR analysis in three
different human cell lines: immortalized embryonic
kidney cells HEK293 (Figure 2A), liver cancer line
HepG2 (Figure 2B) and lung cancer line AS549
(Figure 2C). Indeed, we found detectable expression of
many of the predicted loop-miRs representing a novel
class of pre-miRNA processing products.

Loop-miRs are active molecules

After validating loop-miR expression, we asked whether
loop-miRs could act as active miRNAs—serving in this
sense as a ‘guide strand’ and targeting complementary
mRNA transcripts. We selected three candidate loops,
which were well-expressed, as well as effectively
overexpressed on transfection (miR-34a-loop, miR-192-
loop and miR-219-2-loop). Furthermore, a genome-wide
deep sequencing analysis validated the existence of several
loop-miRs (Supplementary Table S1) and additionally
identified novel loop-miRs that had not been included in
the in silico analysis (Figure 1B) because of shorter loop
regions or non-determined terminal nucleotides of the
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passenger strand. In total, loops of 19-24nt in length
were sequenced for 20 miRNAs in HEK293, HepG2 or
AS549 cells (Supplementary Table S1). From this analysis,
we included the miR-33 a-loop into the activity analysis
because of its high expression. Notably, the read count for
miR-33a-loop was higher than for the miR-33a-5p and
miR-33a-3p guide and passenger strands. Of the 20
loops (Supplementary Table S1), four were more
abundant than the respective guide and passenger
strand, whereas additional nine were more abundant
than the passenger strand. If the loop-miRs were just
by-products of miRNA biogenesis, one would expect
them to be of similar or lower abundance than passenger
strands, as they are hypothetically released and, hence,
exposed to nucleases before the passenger strand, which
is forming a duplex with the guide strand. Thus, these data
suggest that these loops are likely not only processing
‘noise’. Although these loops are of limited abundance,
they might still be of biological relevance, especially
considering the fact that most miRNAs derived from
double-stranded regions with known functions are found
in vanishingly small read counts: 94% of the 5p and 3p
miRNAs from miRBase-annotated pre-miRNA are found
with <1000 reads in these libraries.

To analyze loop-miR activity, we created reporter con-
structs encoding luciferase fused to a 3’-UTR with four
binding sites fully complementary to the respective loop-
miR of interest. Reporter constructs encoding luciferase
fused to a 3'-UTR containing binding sites with two
mismatches in the seed region served as negative
controls (Figure 3). Loop-miRs were overexpressed, and
their activity was determined using dual luciferase assays
compared with a set of non-related control miRNAs.
Loop-miR expression specifically and significantly in-
hibited expression of targets with perfectly matched
binding sites for the loop of miR-33a, miR-34a, miR-192
and miR-219 (black bars), whereas mismatched targets
were not significantly affected and the overexpression of
control miRNAs with divergent seed regions (gray bars)
did not impact the luciferase activity (Figure 3A-D)
(z-test; all P-values can be found in Supplementary
Table S4). The loop-miRs of miR-182 and miR-486 did
not possess a detectable activity in luciferase assays (data
not shown). As miR-219-loop showed the strongest
activity, further studies were focused on this specific
loop-miR.

MiR-219-2-loop binds to Argonaute-2 and is stably
expressed in the cytoplasm

Active miRNA guide strands bind to Ago proteins and
form a RISC to perform target silencing. To test
whether loop-miRs act in the same manner, we analyzed
whether miR-219-loop bound to the major human Ago
protein, Ago2. After immunoprecipitation of epitope-
tagged human Ago2, miR-219 was determined by north-
ern blotting (Figure 4A, Supplementary Figure S1). The
green fluorescent protein (GFP) and the binding-defective
Ago2-PAZ9 mutant served as negative controls. This
result was validated using qRT-PCR (Figure 4A). Both,
miR-219-5p and miR-219-loop, displayed a significant
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Figure 1. Loop-miR structures. (A) Hypothetically, miRNA precursors could be processed into three single-stranded short RNA molecules: the
S'-arm (5p), the 3’-arm (3p) and the loop (loop-miR). (B) The length of the loop of 480 pre-miRNAs was determined using miRBase (release 18).
(C) miRNAs with loop lengths of 20-23 nt are displayed. (D) Selected examples of loop-miR-generating pre-miRNA structures were predicted using

Mfold, verifying single-stranded loop regions.

enrichment, verifying Ago2 binding and thus incorpor-
ation into the RISC of both, the miR-219 guide and
loop strand miRNAs.

To determine the generality of miR-219-loop expres-
sion, endogenous guide strand and loop-miR expression
was determined by qRT-PCR in a broad panel of 45
human cell lines. Notably, the loop-miR expression was

comparable with the expression of the miR-219-5p guide
strand (Figure 4B).

To compare the expression of the loop-miRs to other
miRNA species of known physiological or pathological
importance, the expression of the three most active loop-
miRs, as well as several mirtrons and miRNA guide
and passenger strands, was determined (Supplementary
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Figure 2. Expression analysis of potential loop-miR candidates. Endogenous mature loop-miR expression was determined by qRT-PCR analysis in

(A) HEK293, (B) HepG2 and (C) A549 cells. Depicted is the mean relative expression (log-scale) of two independent experiments per cell line.

miR-1207, miR-3177, miR-3942 and miR-4716 were excluded from this study because of unspecific detection by the qRT-PCR. The loop-miRs

miR-34a, miR-192 and miR-219-2 were selected for further investigation.
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Table S2). The expression of the three loop-miRs tested
was even higher than the expression of the mirtrons
(Supplementary Figure S2A) and other guide and passen-
ger strands with already known and published functions
(Supplementary Figure S2B), indicating that their expres-
sion level is in a physiologically meaningful range.

miRNAs have been described to be highly stable mol-
ecules with long half-lives (2,45,46). To determine the sta-
bility of miR-219-loop and to exclude that loops of
pre-miRNAs are degraded rapidly, cells were treated
with the RNA polymerase inhibitor actinomycin D, and
miRNA expression was analyzed at different time points
after transcriptional inhibition. The pri-miR-219 served as
an unstable marker to verify proper transcriptional inhib-
ition. The miR-219-2 guide strand was stable for >24h
(Figure 4C), validating previously published results (46).
Remarkably, the loop was not degraded either within the
first 24 h of transcriptional inhibition, indicating a long
half-life and stability.

miRNA precursor hairpins are generated by Drosha
cleavage and exported into the cytoplasm. Subsequent

Dicer cleavage and RISC formation are thought to take
place in the cytoplasm where the most mature miRNAs
also act, whereas only few of them are re-imported into
the nucleus [for review: (1)]. Based on this analogy to
active guide and passenger strands, we hypothesized that
mature loop-miRs should be generated and localized in
the cytoplasm. To validate this hypothesis, HEK293
cells were biochemically fractionated into the nuclear
and cytoplasmic compartments, total RNA was isolated
and the expression of a primary miRNA and the 5p, 3p
and loop-miR was detected by qRT-PCR analysis and
compared with the nuclear marker 45S pre-rRNA and
the cytoplasmic marker tRNA. As expected, endogenous
miR-219-5p and -3p were enriched in the cytoplasm.
Interestingly, the miR-219-loop (Figure 4D and
Supplementary Table S5), as well as the other loop-
miRs, was enriched in the cytoplasmic fraction
(Supplementary Figure S3).

Taken together, this study provides evidence that, on
Dicer cleavage, pre-miRNAs can give rise to three
distinct endogenous single-stranded active mature
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miRNAs: not only are the guide strands and passenger
strands derived from the miRNA duplex, but a novel
class of miRNAs also derive from the pre-miRNA
single-stranded loop region, referred to as ‘loop-miRs’.
Loop-miRs are moderately abundant molecules that are
localized in the cytoplasm, incorporated into Ago2-con-
taining RISCs and function as active miRNAs.
Importantly, this is the first class of active endogenous
unmodified miRNAs that are generated from a single-
stranded region.

DISCUSSION

This study identified a new pathway generating mature
miRNAs from single-stranded RNA regions. These
loop-miRs are endogenous small RNAs—in contrast to
the previously described exogenous and chemically
modified ss-siRNAs (21,25-27). We discovered that—
with different frequencies—multiple mature and active
miRNAs with distinct seed regions and target specificities
can be generated from one precursor hairpin: guide, pas-
senger and loop strands. Future studies will unravel the
physiological or pathological role, as well as the endogen-
ous target genes, of this newly discovered class of en-
dogenous loop-miRs.

Loop-derived RNAs have been found in deep
sequencing studies before, but they have only been used
to validate the origin of guide and passenger strand
miRNAs from Dicer-mediated pre-miRNA hairpin pro-
cessing and were overlooked during the analysis (e.g. in
miRDeep and miRDeep2). Our results suggest for the first
time that these could be active, stable, cytoplasmic
miRNAs that in rare cases are even of similar abundance
as the guide strand. Notably, loop-derived, but
uncharacterized, RNAs have also been found in other
species, such as Drosophila (28-30); raising the interesting
hypothesis that loop-miR activity could also be conserved
throughout evolution. Nonetheless, each of these RNA
fragments will need to be individually studied for its func-
tional activity.

These data also point toward a RISC loading mechan-
ism in human cells that seems to be uncoupled from
miRNA duplex unwinding. One important question in
this field is how the endonuclease-deficient Ago proteins
could get loaded with microRNA duplices with perfectly
matched stems, although they cannot cleave the miRNA
passenger strand during the unwinding process. Previous
studies on ss-siRNAs (21,25-27), the fact that miRNAs
are in huge excess over Ago proteins (47), as well as our
data regarding loop-miRs, could indicate that Ago
loading or exchange is possible at the single-stranded
stage independent of small RNA duplex binding and
unwinding.

These findings also have immediate implications for the
design of shRNAs for RNA interference: the loop region
of these ShRNAs should be designed to avoid potentially
giving rise to a mature and active miRNA that might
cause off-target effects. Hence, the loop regions of
shRNAs should be <18nt or >25nt, the range of cur-
rently annotated miRNAs. Notably, the miR-30e hairpin

indeed gives rise to a loop-miR of 20 nt in length that is
detectable by qRT-PCR, whereas the miR-30 family has
been used as an shRNA-backbone with a 19-nt loop
region (48,49).

Finally, based on our data one could speculate that other
nucleases than Dicer should be able to generate small active
RNAs from single-stranded regions. Indeed, these can be
found in small RNA deep sequencing studies but are
usually discarded when filtering the reads for originating
from a hairpin structure (40,50). Based on our study, these
short RNAs should be scrutinized for their potential func-
tional significance based on their abundance, stability and
ability to bind to Ago2. Hence, the discovery of loop-miRs
generated from single-stranded RNA regions and never-
theless loaded into RISCs might open an entirely new
source of small gene regulatory RNAs.

NOTE ADDED IN PROOF

While our manuscript was in the review process, another
manuscript came to our attention describing the discovery
of loop-miRs in mammals and flies from the laboratory of
Eric Lai (51).

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Tables 1-5, Supplementary Figures 1-3,
Supplementary Methods and Supplementary References
[52-68].
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