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The ribonuclease Dicer plays a central role in the microRNA pathway by catalyzing the
formation of 19–24-nucleotide (nt) long microRNAs. Subsequently incorporated into Arg-
onaute 2 (Ago2) effector complexes, microRNAs are known to regulate messenger RNA
(mRNA) translation. Whether shorter RNA species derived from microRNAs exist and play
a role in mRNA regulation remains unknown. Here, we report the serendipitous discovery
of a 12-nt long RNA species corresponding to the 5′ region of the microRNA let-7, and ten-
tatively termed semi-microRNA, or smiRNA. Using a smiRNA derived from the precursor
of miR-223 as a model, we show that 12-nt long smiRNA species are devoid of any direct
mRNA regulatory activity, as assessed in a reporter gene activity assay in transfected cul-
tured human cells. However, smiR-223 was found to modulate the ability of the microRNA
from which it derives to mediate translational repression or cleavage of reporter mRNAs.
Our findings suggest that the 12-nt RNA species, generated along the microRNA pathway,
may participate to the control of gene expression by regulating the activity of the related
full-length mature microRNA in vivo.
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INTRODUCTION
Small non-coding RNAs, such as microRNAs, have recently
evolved as key players in the fine tuning of gene expression,
which is required for preserving well balanced protein levels and
maintaining normal cellular functions. As short as 19–24 nt in
length, microRNAs may regulate ∼60% of the genes (Bartel,
2009), suggesting that potentially every metabolic process may
be under microRNA control in our body. In humans, the bio-
genesis of microRNAs is mediated by the ribonuclease (RNase)
Dicer (Provost et al., 2002; Zhang et al., 2002), a large multido-
main protein that we originally identified as a protein interacting
with 5-lipoxygenase (5LO; Provost et al., 1999). Dicer forms a
complex with transactivating response (TAR) RNA binding pro-
tein (TRBP; Chendrimada et al., 2005; Haase et al., 2005) and
processes microRNA precursors (pre-microRNAs), through the
concerted action of its C-terminal RNase IIIa and IIIb motifs, to
generate a microRNA duplex composed of a 5p and 3p microRNA
strand. Recent studies have shown that either strand may subsist
and nucleate the formation of Argonaute 2 (Ago2) silencing com-
plexes competent in the regulation of specific messenger RNAs
(mRNAs; Okamura et al., 2008; Guo and Lu, 2010; Mah et al.,
2010; Yang et al., 2011).

The ability of microRNAs to inhibit translation or induce
degradation of target mRNAs is closely correlated to the degree of
microRNA:mRNA complementarity (Bartel, 2009). Acting mainly
through base pairing of their seed region (Bartel, 2009), microR-
NAs initially repress mRNA translation through recognition of
specific binding sites (BS) located mainly, but not exclusively, in
the 3′ untranslated region (3′UTR) of mRNAs, as targeting may

also occur in the 5′UTR (Lytle et al., 2007) and open-reading frame
(Lewis et al., 2005; Qin et al., 2010). MicroRNAs have also been
shown to activate the expression of a target gene (Vasudevan et al.,
2007).

Whether shorter RNA species derived from microRNAs exist
and play a role in mRNA regulation remains unknown. While
using a high-throughput sequencing (HTS) approach aimed to
elucidate the small RNA profile of human platelets, which con-
tain an abundant and diverse array of microRNAs (Landry
et al., 2009), we serendipitously discovered a significant num-
ber of 12-nt long RNA sequences. Corresponding to the 5′
half of the microRNA let-7, we tentatively termed these 12-nt
RNA species semi-microRNA, or smiRNA. Devoid of intrinsic,
direct mRNA regulatory activity, a 12-nt model smiRNA was
found to modulate the ability of the microRNA from which
it derives to mediate translational repression or cleavage of
reporter mRNAs. Our findings suggest that smiRNAs may rep-
resent a novel class of small non-coding RNAs generated along the
microRNA pathway and capable of regulating microRNA activity
in vivo.

MATERIALS AND METHODS
HUMAN PLATELET PURIFICATION AND RNA EXTRACTION
Human platelets were isolated from venous blood collected from
healthy volunteers, as described previously (Landry et al., 2009).
Purified platelets were harvested by centrifugation at 6,000 g for
1 min, and total RNA was extracted using TRIzol reagent (Invit-
rogen). Equal amounts of platelet total RNA, extracted from five
different subjects, were pooled together, and purified further using
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an RNeasy Mini kit (Qiagen). The integrity of platelet RNA was
assessed using Bioanalyzer 2100 (Agilent) prior to further analyses.

SMALL RNA LIBRARY CONSTRUCTION AND SEQUENCING
A small RNA library was constructed from 15 μg of total RNA,
extracted from five different subjects, by isolating RNA species
between 18 and 30 nt in length using the DGE small RNA sam-
ple prep kit (Illumina), following the manufacturer’s instructions.
The labeled cDNAs were quantified with the Quant-iT PicoGreen
dsDNA Kit (Invitrogen) and diluted to 3 pM for sequencing in
a single lane on an Illumina GA-I and GA-II Genome Analyz-
ers (Solexa), essentially as described previously (Creighton et al.,
2010).

Raw sequences were filtered through serial quality control cri-
teria. First, the presence of at least 6 nt of the 3′ Solexa adapter was
verified. The sequence reads that did not comply with this crite-
rion were discarded, whereas the others were trimmed to remove
the adapter sequence harbored at the 3′end. The remaining tags
were further filtered regarding their length (>10 nt), copy num-
ber (>4 reads), and readability (<9 N). Reads complying with all
those criteria were subsequently defined as usable reads.

All the usable reads were aligned to pre-microRNAs extracted
from miRBase database (release 18.0). Sequence tags that matched
perfectly to more than one precursor were distributed equally
among them. The relative abundance of each microRNA species
was defined as the number of reads mapping to the corresponding
pre-microRNA compared to the total number of reads mapping
the mature microRNA species.

CELL LINE AND CULTURE
Cultured human HEK 293 cells (obtained from ATCC) were grown
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% (v/v) fetal bovine serum (FBS), 1 mM sodium pyru-
vate, 100 units/mL penicillin, 100 μg/mL streptomycin, and 2 mM
L-glutamine in a humidified incubator under 5% CO2 at 37˚C.

REPORTER GENE CONSTRUCTS
Several psiCHECK-based, Dual Luciferase reporter gene con-
structs, in which well-defined regulatory elements have been intro-
duced at the 3′ end of the Renilla luciferase (Rluc) open-reading
frame (Boissonneault et al., 2008), have been designed in order to
study the regulatory role of smiRNAs in mRNA translation and/or
microRNA activity. The target sequences were either amplified
by PCR or obtained by annealing oligonucleotides, and cloned
downstream of the Rluc reporter gene in the XhoI/Not I sites of
the psiCHECK (Promega) reporter vector.

REPORTER GENE ACTIVITY ASSAY
HEK 293 cells were co-transfected by the calcium phosphate
method, at ∼50% confluence in 24-well plates, with a synthetic
smiR-223 alone (25–250 pmol), or with a synthetic smiR-223
(25–50 pmol) and a psiSTRIKE (Promega) vector expressing the
precursor of miR-223 (2.5 or 25 ng), and a psiCHECK reporter
construct (50 ng; Promega) in which the Rluc reporter gene is
coupled with a BS of perfect complementarity (PC) to miR-223 or
to three copies of a natural BS to miR-223, either wild-type (WT)
or mutated (MUT) to disrupt base pairing to the miR-223 seed

region. For that latter purpose, we selected the natural BS to miR-
223 that is present in the 3′UTR of humanP2Y12 mRNA and shown
to be regulated by platelet miR-223 (Landry et al., 2009). Cells
were harvested 48 h later, and Rluc and Firefly luciferase (Fluc)
activities were measured, as described previously (Landry et al.,
2009). Results of Rluc activity were normalized with Fluc reporter
activity and expressed as a percentage of the results obtained with
an unrelated smiRNA and/or a construct expressing an unrelated
pre-microRNA (set at 100%).

5′ PHOSPHORYLATION STATUS OF SMALL RNAs
Total RNA was extracted from cultured HEK 293 cells (left panel)
or primary human platelets (right panel) with Trizol, and enriched
in small RNAs (<200 nt) by using the mirVana small RNA isola-
tion kit (Ambion). The small RNA preparations (10, 20, or 160 ng)
were either dephosphorylated with calf intestine phosphatase
(Roche) or left untreated, and 5′ end labeled with 32P-ATP (Perkin
Elmer) using T4 polynucleotide kinase (Affymetrix). 32P-labeled
ATP incorporation in small RNAs was analyzed by denaturing
polyacrylamide gel electrophoresis (PAGE) and autoradiography.

RESULTS
DETECTION OF A 12-nt LONG RNA SEQUENCE DERIVED FROM hsa-let-7
MICRORNA
During the course of an HTS experiment of human platelet small
RNAs, we serendipitously discovered a significant number of 12-nt
long RNA sequences corresponding to the 5′ half of the microRNA
let-7 and tentatively termed semi-microRNA, or smiRNA. The for-
tuitous discovery of such a small RNA species may emanate from a
slightly imprecise sampling of the gel during the size-fractionation
step aimed to isolate (and analyze) RNA species in the standard 18–
30-nt range. The 12-nt long sequence 5′-UGAGGUAGUAGG-3′
was the fifth most abundant RNA species mapping to the hsa-
let-7c pre-microRNA, with 63 copies. Interestingly, this sequence
mapped to the region corresponding to the 5′ half, seed-containing
mature let-7 (Figure 1A). The formation of let-7 smiRNAs may
be initiated either by (i) sequential processing events involving
Drosha and Dicer, followed by further processing of the microRNA
strand in half (Figure 1B), or (ii) direct processing of the 5′ end
of the pre-microRNA species.

Further analyses of our data also revealed the existence of
smiRNAs derived from miR-223. For instance, the RNA species
5′-UGUCAGUUUGUCAAA-3′ was found in 139 copies in pri-
mary human neutrophils (Figure 1C), thereby extending our
let-7c smiRNA findings to miR-223 and rationalizing the use of
smiRNA-223 for subsequent functional studies. It is interesting
to note that this short RNA species is absent in platelets, where
miR-223 is abundant and functional.

smiRNAs MAY NOT DIRECTLY MEDIATE GENE SILENCING THROUGH
mRNA CLEAVAGE
In order to assess the functionality of these unusually short RNA
species, we have performed Dual-Luciferase reporter gene assays
in transiently transfected HEK 293 cells (Plante et al., 2006; Ouel-
let et al., 2008; Boissonneault et al., 2009; Landry et al., 2009).
We have studied two different types of microRNA regulatory ele-
ments, which were inserted in the 3’UTR of the Rluc reporter
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FIGURE 1 | Detection of a 12-nt long RNA sequence derived from

hsa-let-7 microRNA. (A) Sequences obtained upon analysis of primary
human platelet small RNAs by high-throughput sequencing (HTS) were
aligned to the human genome and mapped to microRNA genes (miRBase
Release 18). The five most abundant RNA species mapping to the
hsa-let-7c pre-microRNA are shown. More than 4004 sequences reads
represented mature let-7c microRNA, whereas 63 sequences derived
from the 5′ half of mature let-7c microRNA. (B) Secondary structure of the
hsa-pre-let-7c, as predicted by MFOLD. The arrowheads indicate the

Drosha and Dicer cleavage sites that yield mature hsa-let-7c microRNA,
which may be further processed into a 12-nt hsa-let-7c RNA species half
the size of the mature hsa-let-7c microRNA. Tentatively termed
semi-microRNA (or smiRNA), these 12-nt hsa-let-7c RNAs may be
generated upon direct processing of the 5′ end of the pre-microRNA
species. (C) Sequences obtained upon analysis of primary human
neutrophil small RNAs by HTS, as in A. RNA species of a length (14–16 nt)
similar to smiRNAs, mapping to the hsa-miR-223 pre-microRNA, are
shown.
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gene (Fluc serving as a normalization control): (i) a synthetic
BS of PC, through which microRNAs mediate mRNA cleavage,
and (ii) three copies of a natural WT BS of imperfect comple-
mentarity, through which microRNAs mediate mRNA transla-
tional repression. Inactivated versions of the natural WT BS have
been created by mutating the microRNA seed region (MUT),
whose pairing is critical to mediate microRNA function (Bartel,
2009).

To study the gene regulatory effects of smiRNAs, we have used a
model smiRNA designed on hsa-miR-223, an abundant and func-
tional platelet microRNA known to recognize a BS located in the
3′UTR of human P2Y12 mRNA (Landry et al., 2009). miR-223 was
selected as the model smiRNA over let-7 miRNA, since the latter
is present in several isoforms and expressed at various extent in
human cell lines, in contrast to miR-223, whose expression is more
restricted to cell types of the hematopoiesis lineage. The fact that
let-7 microRNAs share the same seed region would have generated
a non-negligible background signal that would have hampered the
detection of a positive effect and complicated the interpretation
of reporter gene activity data obtained from the use and study of
a let-7 smiRNA.

To test whether smiR-223 can exert direct mRNA regula-
tory effects, we co-transfected synthetic smiR-223 with an Rluc
reporter gene harboring a target sequence perfectly complemen-
tary to smiR-223 (Figure 2A). Rluc reporter mRNA cleavage and
a corresponding decrease in Rluc activity would be expected for
a smiR-223 functional in mRNA regulation. However, smiRNAs

derived either from the 5′ or the 3′ half of hsa-miR-223 did not
exert any reporter gene regulatory effects (Figure 2B).

smiRNAs MAY NOT DIRECTLY MEDIATE GENE SILENCING THROUGH
mRNA TRANSLATIONAL REPRESSION
To determine whether smiR-223 can mimic miR-223 function
and repress mRNA translation, we designed Rluc reporter gene
constructs in which three copies of the natural (miR-223 3×BS
WT; dark blue) or MUT (miR-223 3×BS MUT; light blue) BS
to miR-223 was placed downstream of Rluc (Figure 3A). This
approach aimed to more closely mimic the situation in human
cells (Boissonneault et al., 2008), where microRNAs act in con-
cert to coordinately regulate mRNA translation through imper-
fect base pairing. In these experiments, smiR-223 also failed to
induce any direct gene regulatory effects (Figure 3B), suggesting
that 12-nt smiRNA species may not conceal any intrinsic mRNA
regulatory activity, whether the regulatory elements are of PC
or not.

smiRNAs MAY REGULATE THE GENE SILENCING PROPERTIES OF
MICRORNAs
We then examined whether smiRNAs could interfere with
microRNA function. Expression of pre-miR-223 induced a
marked decrease in the activity of anRluc reporter gene placed
under the control of a BS of PC to miR-223 (Figure 4A).
Cotransfection of synthetic smiR-223 inhibited the mRNA reg-
ulatory function of miR-223 and restored Rluc expression to

FIGURE 2 | smiRNAs may not directly mediate gene silencing through

mRNA cleavage. (A) Predicted base pairing of smiR-223 or smiR-223 3′ to a
binding site (BS) of perfect complementarity (PC) to miR-223. (B) HEK 293
cells were co-transfected with a synthetic smiR-223 (25–250 pmol; left) or
smiR-223 3′ (25–250 pmol; right) and a psiCHECK reporter construct, in which

the Rluc reporter gene is coupled with a BS of PC to miR-223 (50 ng). An
unrelated smiRNA was used as a normalization control. The Dual Luciferase
assays were performed as described previously (Boissonneault et al., 2009).
Results are expressed as mean ± standard error of the mean (s.e.m.; n = 2, in
duplicate).
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FIGURE 3 | smiRNAs may not directly mediate gene silencing

through mRNA translational repression. (A) Predicted base pairing
of smiR-223 or smiR-223 3′ to three copies of the wild-type (WT) or
mutated (MUT) binding site (BS) to miR-223. (B) HEK 293 cells were
co-transfected, at ∼50% confluence in 24-well plates, with a synthetic
smiR-223 (25–250 pmol; left) or smiR-223 3′ (25–250 pmol; right) and a

psiCHECK reporter construct in which the Rluc reporter gene is
coupled with three copies of the WT or MUT BS for miR-223. An
unrelated smiRNA was used as a normalization control. The Dual
Luciferase assays were performed as described previously
(Boissonneault et al., 2009). Results are expressed as mean ± standard
error of the mean (SEM; n = 4, in duplicate).

normal levels (Figure 4A). Similar results were obtained in
reporter gene experiments performed in the context of microRNA-
induced mRNA translational repression, in which smiR-223 dose-
dependently prevented the mRNA regulatory activity of miR-223
(Figure 4B). These results suggest that smiR-223 can interfere
with the ability of miR-223 to mediate gene silencing in human
cells, either through mRNA cleavage or mRNA translational
repression.

5′ PHOSPHORYLATION STATUS OF SMALL RNAs
These differential effects of smiRNAs prompted us to investigate
the 5′ phosphorylation status of smiRNAs. Considering (i) that
5′ end phosphorylation is required for small RNA anchorage in
the G1 binding pocket of Ago2 (Ma et al., 2005) and function in
mRNA silencing, and (ii) the lack of any direct mRNA regulatory
effect of smiRNAs, we suspected that the 5′ end of ∼12-nt smiRNA
species may not be phosphorylated.
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FIGURE 4 | smiRNAs may regulate the gene silencing properties of

microRNAs. (A,B) HEK 293 cells were co-transfected with a synthetic
smiR-223 (0, 25, or 50 pmol), a psiSTRIKE vector expressing pre-miR-223
(2.5 or 25 ng) and a psiCHECK reporter construct (50 ng), in which the Rluc
reporter gene is coupled either (A) to a binding site (BS) of perfect
complementarity (PC) to miR-223, or (B) three copies of the wild-type (WT)
or mutated (MUT) BS for miR-223. An unrelated smiRNA and a construct
expressing an unrelated pre-microRNA were used as normalization controls.
The Dual Luciferase assays were performed as described previously
(Boissonneault et al., 2009). Results are expressed as mean ± standard
error of the mean (s.e.m.; n = 2–4, in duplicate). *p < 0.05 or **p < 0.01
versus 0 pmol smiR-223 (A) or versus the 3×BS MUT (B) (Student’s t test).

To verify that possibility, we subjected small RNAs (<200 nt)
extracted from cultured HEK 293 cells or primary human platelets,
dephosphorylated or left untreated, to 5′ end labeling with
32P-ATP using T4 polynucleotide kinase. In these experiments,
endogenous 12-nt smiRNA species phosphorylated at their 5′ end
will be phosphorylated in vitro (and visualized) only if they are
dephosphorylated first. Analysis of 32P-labeled ATP incorporation
by denaturing PAGE and autoradiography revealed the presence
of phosphorylable RNA species of 10 and 12 nt in length, predom-
inantly in HEK 293 cells (Figure 5, lanes 1 and 4). However, an
important proportion, if not most, RNA species in the range of
sizes expected for smiRNAs are not phosphorylated at their 5′ end
in vivo (Figure 5, lanes 2 and 5). This may explain, at least in part,
why smiRNAs are devoid of intrinsic, direct mRNA regulatory
activity.

DISCUSSION
In this study, we report the identification of 12-nt RNA species
half the size of microRNAs, that we tentatively termed semi-
microRNAs (or smiRNAs). Devoid of intrinsic, direct mRNA
regulatory activity, a 12-nt model smiRNA was found to mod-
ulate the ability of the microRNA from which it derives to mediate
translational repression or cleavage of reporter mRNAs. Our find-
ings suggest that smiRNAs may represent a novel class of small
non-coding RNAs generated along the microRNA pathway and
capable of regulating microRNA activity in vivo.

The 12-nt sequence detected in our HTS experiment (UGAG-
GUAGUAGG – 63 reads) is common to, and likely derive from,
let-7a (468,491 reads), let-7b (87,483 reads), and let-7c (5305
reads). Discovered serendipitously, the relatively low abundance
of this 12-nt smiRNA sequence, as compared to the corresponding
full-length mature microRNA, may be related to (i) its inherently
low and/or transient expression level, (ii) its relative instability, or
(iii) a technically imprecise size fractionation, as the length of the
RNA species to be analyzed by HTS was initially set to a standard
18- to 30-nt window. As opposed to a smear of sequences of vari-
ous lengths, the significant number of well-defined, discrete RNA
sequences of 12 nt in length and derived from microRNAs argues
against smiRNAs being non-specific degradation products.

Twelve-nucleotides long RNA species may represent by-
products of processing events involving Ago2. It is worth noting
that Matranga et al. (2005) detected the presence of a 9-nt RNA
species that accumulated early, but disappeared within 30 min,
upon passenger-strand cleavage of a 21-nt siRNA, along a reaction
that may also have liberated a 12-nt RNA by-product. However,
although Ago2-mediated passenger-strand cleavage of double-
stranded siRNAs is required for RISC assembly, it does not appear
to be important for the incorporation of microRNAs that derive
from mismatched duplexes (Matranga et al., 2005), such as those
found in let-7 pre-microRNAs. Let-7b pre-microRNA may be an
exception, as the let-7b-5p:let-7b-3p microRNA duplex is perfectly
base-paired, except for nt 1 of let-7b-5p (Figure A1 in Appendix).

Twelve-nucleotides long RNAs may also originate from
Ago2 processing of pre-microRNA species, as demonstrated
by Diederichs and Haber (2007). They observed that Ago2-
cleaved let-7a-3 precursor microRNAs, cloned from 293 cells co-
transfected with let-7a-3 and Ago2, were shortened by ∼12 nt at
their 3′ end. Of note, the abundance of the ac-pre-miRNA derived
from non-transfected cells expressing endogenous microRNA and
Ago2 protein was lower than that observed in cells expressing
ectopic microRNA and Ago2 protein, thereby explaining why the
endogenous precursors were not readily detectable by North-
ern blotting (Diederichs and Haber, 2007). This endogenous,
on-pathway intermediate, resulting from cleavage of the pre-
microRNA hairpin 12 nt from its 3′ end, may thus represent an
endogenous source of RNAs that are 12-nt in length. However,
since the mechanism leading to their formation involves cleavage
of the 3′ arm, this would not explain the formation of the 12-nt
smiRNA sequence that we detected, which is derived from the 5′
arm of pre-let-7.

Interestingly, ac-pre-miRNAs appeared to be processed as effi-
ciently as pre-microRNAs by Dicer in vitro (Diederichs and Haber,
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FIGURE 5 | 5′ Phosphorylation status of small RNAs. Small RNAs
(<200 nt) extracted from cultured HEK 293 cells (left panel, lanes 1–3) or
primary human platelets (right panel, lanes 4–6) were either
dephosphorylated with calf intestine phosphatase (+; lanes 1 and 4), or

not (−; lanes 2, 3, 5, and 6), and 5′ end labeled with 32P-ATP using T4
polynucleotide kinase (lanes 1, 2, 4, and 5). 32P-labeled ATP incorporation
at the 5′ end of small RNAs was analyzed by denaturing PAGE and
autoradiography.

2007), suggesting that ∼12-nt species may derive from the sequen-
tial processing of pre-microRNAs by Ago2 and Dicer. Recent
evidences from our laboratory indicate that Dicer may also con-
tribute to the formation of 12-nt smiRNAs independently of
Ago2. Indeed, we observed that the Dicer-interacting protein 5LO,
an enzyme expressed mainly in differentiated inflammatory cells
but absent from bacteria, could modify the enzymatic proper-
ties of the Dicer and induce the formation of RNA species that
are ∼10–12 nt in length from a pre-microRNA substrate in vitro
(Dincbas-Renqvist et al., 2009). This activity is concealed in the
C-terminal catalytic domain of human Dicer (a.a. 1650-1912;
Dincbas-Renqvist et al., 2009), which may sustain conformational
changes upon binding of 5LO. This is supported by the ability of
5LO to interact with the double-stranded RNA (dsRNA) bind-
ing domain (dsRBD) of human Dicer (Dincbas-Renqvist et al.,
2009). The function of Dicer dsRBD remains unclear, consider-
ing that (i) the C-terminal dsRBD is dispensable for processing
activity in E. coli RNase III (Sun et al., 2001), (ii) Giardia Dicer
lacks a dsRBD domains (Macrae et al., 2006), and (iii) an RNase III

naturally lacking the dsRBD functions in B. subtilis (Redko et al.,
2008). These observations suggest that human Dicer may have
evolved to acquire, through its dsRBD, additional protein inter-
action functionalities that possibly confer enzymatic properties
that are distinct from smaller RNases III. Dicer interaction with
a dsRBD-interacting protein, like 5LO, in higher eukaryotes, may
thus favor the formation of 12-nt smiRNAs. It will be interesting to
test whether 5LO alters the ability of Dicer to form intramolecular
dimers, which has been proposed to be required for the genera-
tion of RNA products that are twice as long as those derived from
bacterial RNases III.

Discovered in primary human platelets, which are devoid of
5LO but expressing a closely related protein (i.e., 12LO), smiR-
NAs may derive from pre-microRNA species processed by a Dicer
complex containing an interacting protein different from 5LO.

Using reporter gene activity assays, we were unable to demon-
strate a direct mRNA regulatory role for 12-nt long smiRNA
species. The relatively short length of smiRNAs may not ham-
per their incorporation into Ago2 effector complexes, since Ago2
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can form stable complexes with RNA species as short as 10 nt
(Wang et al., 2008). This structural study showed that microR-
NAs are anchored at their 5′ end, with only the seed region (nt
2–8) being exposed, whereas their 3′ end is buried within the
Ago2 structure (Wang et al., 2008). Another important feature
of Ago2 effector complexes is the 5′ phosphorylation of the associ-
ated regulatory RNA, which is required for small RNA anchorage
in the G1 binding pocket of Ago2 and function in mRNA silenc-
ing (Ma et al., 2005). Lacking a phosphate group at their 5′ ends,
synthetic siRNAs can be phosphorylated by the kinase hClp1,
which allows their assembly into RISC for subsequent target RNA
cleavage (Weitzer and Martinez, 2007). The fact that hClp1 can
also phosphorylate other nucleic acid molecules – irrespective of
length, type of overhang, and whether they are single or double-
stranded – raises the question of whether hClp1 has any function in

endogenous RNA silencing (Weitzer and Martinez, 2007), includ-
ing phosphorylation of smiRNAs. However, this latter possibility
is not supported by the apparent lack of 5′ phosphorylation of
endogenous ∼10–12-nt RNA species, which also argues against
the functional incorporation of smiRNAs into Ago2 complexes.
Conferring functional specificities, the unphosphorylated status
of smiRNAs may prevent their utilization as guide strands by the
Ago2 effector complexes and explain their lack of intrinsic mRNA
silencing properties.

Apparently, these findings do not preclude a role for smiR-
NAs in regulating gene expression, as we were able to demonstrate
that smiRNAs can modulate the mRNA silencing activity of the
corresponding microRNA from which it derives. Whereas smiR-
NAs may be long enough to recognize, and compete for, the BS
of a microRNA, the relatively low stability, or high free energy

FIGURE 6 | Proposed model for the biogenesis and function of

smiRNAs. In the canonical microRNA pathway of human cells, microRNAs
are generated upon pre-microRNA processing by the complex formed of
Dicer and its cofactor TRBP, and are subsequently incorporated into a
microRNP effector complex containing Ago2 and active in regulating mRNA
translation (right-hand side with black arrows). Twelve-nt long smiRNA
species may be produced (1) by the sequential processing of the
passenger-strand by Ago2 and removal of the loop by Dicer, or by Ago2
cleavage of the passenger-strand of microRNA duplexes (Diederichs and
Haber, 2007) (left-hand side with dotted arrows). (2) smiRNA species may
also be produced upon pre-microRNA processing by Dicer in the presence
of a Dicer-interacting protein (IP), such as 5LO, which interacts with the
C-terminal RNase III domains of Dicer and possibly modifies its enzymatic
activity (Dincbas-Renqvist et al., 2009). smiRNAs may remain bound to its

complementary microRNA to form an intermediate microRNA:smiRNA RNP
complex, which may contribute to preserve the stability and functional
integrity of microRNP complexes. (3) smiRNA species may derive either
from the mature microRNA or the passenger-strand. (4–6) smiRNA-regulated
microRNA activity. (4) By base pairing with microRNAs, smiRNAs may
contribute to preserve the effector complex until it encounters its destined
mRNA target, (5) which may displace the smiRNA and allow
microRNA-regulated control of mRNA translation. Similarly, smiRNAs
derived from the mature microRNA strand may regulate the function of the
passenger-strand through partial base pairing complementarity (not shown
in the Figure). (6) Albeit shorter, smiRNAs share nucleotide sequence
identity and may compete with the microRNA from which it derives for the
recognition of a binding site (BS) located in the 3′ UTR of a mRNA target,
thereby modulating microRNA activity. Adapted from Ouellet et al. (2006).
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(ΔG) values, of smiRNA binding to a microRNA BS, combined
with the absence of an associated Ago2-containing RNP complex,
may make it more susceptible to being dislodged by translocat-
ing ribosomes. This scenario would reconcile the lack of direct
mRNA regulatory properties of smiRNAs with their ability to
regulate microRNA activity. This is in accordance with previous
studies reporting (i) that 16 nt is the minimal length required for
an RNA to trigger an RNA silencing response (Chu and Rana,
2008), and (ii) the efficiency of tiny locked nucleic acid (LNA)
oligonucleotides as short as 8 nt to antagonize the function of
microRNAs harboring a complementary seed region (Obad et al.,
2011), respectively.

Generated together with the microRNA that it may regulate,
smiRNAs would be a regulator of choice of microRNA func-
tion and stability. In fact, the most attractive hypothesis would
be that a smiRNA could modulate the function of its microRNA
counterpart, i.e., the one encoded by the opposite strand within
the same pre-microRNA. In that sense, it may be that smiR-
NAs can neutralize the function of microRNA species of suffi-
cient base pair complementarity and act as natural microRNA
antisense RNAs.

We have previously reported that fragile X mental retardation
protein (FMRP) may facilitate mRNA recognition by microRNAs

through a strand annealing or exchange reactions (Plante et al.,
2006). smiRNAs may thus modulate microRNA strand anneal-
ing to specific mRNAs or strand exchange between microRNA
duplexes and mRNA targets.

Together, these observations led us to propose a model whereby
RNA species half the size of microRNAs, tentatively termed semi-
microRNAs (or smiRNAs), may be generated along the microRNA
pathway and participate to the control of mRNA translation by
regulating microRNA activity in vivo (Figure 6). Expanding the
family of non-coding RNA species, our study may define smiR-
NAs as a new class of small regulatory RNAs that may provide
an additional layer of control over microRNA activity; the func-
tional significance of smiRNAs,however, remains to be established.
The design of therapeutic RNAs aimed to substitute, mimic or
inhibit smiRNA function may thus offer a new perspective to the
development of novel gene therapeutic strategies.
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APPENDIX
MODULATION OF MICRORNA ACTIVITY BY SEMI-MICRORNAs
Isabelle Plante, Hélène Plé, Patricia Landry, Preethi H. Gunaratne and Patrick Provost

FIGURE A1 | Predicted secondary structure of the precursors of the let-7

12-nt RNA species. The mature microRNA species usually derive from the 5p
(in red) and 3p (in green) arms of the microRNA precursor (pre-) stem and
exhibit a relatively high degree of complementary. The putative smiRNA

sequence derived from let-7 and obtained through HTS is as follows:
5′-UGAGGUAGUAGG-3′ (in bold red). This smiRNA is common to the let-7a,
let-7b, and let-7c microRNAs, and originates from the 5′ half of the mature
let-7 microRNA species.
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