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ABSTRACT

Until recently, a Dicer-class RNase III enzyme was believed to be essential for microRNA (miRNA) biogenesis in all animals. The
conserved vertebrate locus mir-451 defies this expectation and instead matures by direct cleavage of its pre-miRNA hairpin via
the Slicer activity of Argonaute2 (Ago2). In this study, we used structure–function analysis to define the functional parameters of
Ago2-mediated miRNA biogenesis. These include (1) the requirement for base-pairing at most, but not all, positions within the
pre-mir-451 stem; (2) surprisingly little influence of the 59-nucleotide on Ago sorting; (3) substantial influence of Ago protein
stoichiometry on mir-451 maturation; (4) strong influence of G:C content in the distal stem on 39 resection of cleaved mir-451
substrates; and (5) the influence of hairpin length on substrate utilization by Ago2 and Dicer. Unexpectedly, we find that certain
hairpin lengths confer competence to mature via both Dicer-mediated and Ago2-mediated pathways, and we show, in fact, that
a conventional shRNA can traverse the Dicer-independent pathway. Altogether, these data inform the design of effective Dicer-
independent substrates for gene silencing and reveal novel aspects of substrate handling by Ago proteins.
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INTRODUCTION

The possibilities for reverse genetics in animal systems were
revolutionized by the recognition of small interfering RNAs
(siRNAs) and microRNAs (miRNAs). These related classes
of short regulatory RNAs are manifestations of ancient
post-transcriptional strategies for gene suppression, and
they share broad requirements for Dicer RNase III enzymes
for biogenesis and Argonaute proteins for target silencing
(Lai 2003). The RNA interference (RNAi) pathway governs
the biogenesis of siRNAs from perfectly double-stranded
RNA (dsRNA), mostly from artificial substrates or selfish
genetic elements but also from certain endogenous substrates
(Fire et al. 1998; Tuschl et al. 1999; Zamore et al. 2000;
Okamura and Lai 2008). Both exogenous and endogenous
siRNAs regulate highly complementary targets via special
catalytic Argonaute proteins, termed ‘‘Slicers,’’ that are capa-
ble of efficient substrate cleavage.

On the other hand, miRNAs are typically generated from
nuclear genes and are dedicated to host gene regulation
(Lee et al. 1993; Reinhart et al. 2000; Flynt and Lai 2008).

Canonical miRNA biogenesis proceeds via stepwise cleav-
age of primary hairpin-containing transcript by the nuclear
Drosha RNase III enzyme (Lee et al. 2003), followed by
cleavage of the resultant pre-miRNA hairpin by a Dicer-
class RNase III enzyme (Grishok et al. 2001; Hutvagner
et al. 2001; Ketting et al. 2001; Knight and Bass 2001).
Besides the canonical pathway, a variety of alternative
miRNA pathways have been described over the past few
years, mostly comprising strategies in which other cellular
ribonucleases substitute for Drosha to generate pre-miRNA
hairpins (Yang and Lai 2011). The major characterized
Drosha-independent pathways include splicing-derived
mirtrons (Okamura et al. 2007; Ruby et al. 2007) and tailed
mirtrons (Babiarz et al. 2008; Flynt et al. 2010), snoRNA-
derived miRNAs (Ender et al. 2008), RNaseZ-mediated
miRNA biogenesis (Bogerd et al. 2010), and Integrator-
mediated miRNA biogenesis (Cazalla et al. 2011). Regardless
of biogenesis pathway, mature animal miRNAs typically
regulate large networks of targets via 6-nt to 7-nt comple-
ments to the 59 end of the miRNA, also known as the ‘‘seed’’
region (Lai 2002; Lewis et al. 2003; Brennecke et al. 2005).
Most miRNA targets are not sliced, but instead subject to
deadenylation, mRNA decay, and/or translational suppres-
sion (Lai et al. 1998; Giraldez et al. 2006; Fabian et al. 2010;
Guo et al. 2010).
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Mammalian Ago2 is the sole catalytic member (i.e.,
‘‘Slicer’’) of the Ago1-4 clade and is thus responsible for
cleavage of highly complementary targets of miRNAs and
siRNAs (Liu et al. 2004; Meister et al. 2004). Ago2 actu-
ally matures perfectly complementary siRNA duplexes by
cleaving the passenger strand, leaving a single-stranded
guide RNA that can then regulate other targets (Matranga
et al. 2005; Rand et al. 2005; Leuschner et al. 2006). Similarly,
Ago2 is capable of cleaving the passenger arm of certain well-
duplexed pre-miRNA hairpins (Diederichs and Haber 2007).
Recently, it was recognized that Ago2 has an obligate role in
the biogenesis of the conserved vertebrate locus mir-451
(Cheloufi et al. 2010; Cifuentes et al. 2010; Yang et al. 2010).
Its precursor serves as a typical Drosha/DGCR8 substrate,
but the resultant pre-miRNA hairpin (z42 nt) is too short
to be cleaved by Dicer and is instead loaded directly into
Ago proteins. The hairpin population that enters Ago2 is
then cleaved on its 39 arm, which is then resected to yield
a typical functional miRNA.

Knowledge of the RNAi pathway was rapidly harnessed
as a platform for gene silencing across diverse eukaryotic
systems. Although long dsRNA cannot be used directly in
most mammalian cell types, due to activation of the inter-
feron pathway, synthetic 21-nt siRNA duplexes can efficiently
trigger specific gene silencing (Elbashir et al. 2001). This
technique was broadened by the development of Pol III–
driven short hairpin RNA (shRNA) constructs, enabling
sustained silencing (Brummelkamp et al. 2002; Lee et al.
2002; Miyagishi and Taira 2002; Paddison et al. 2002; Paul
et al. 2002; Sui et al. 2002), and was made more powerful by
the innovation of Pol II–driven shRNA constructs built on
miRNA backbones (Silva et al. 2005; Ni et al. 2011). In
concept, artificial silencing constructs that are modeled on
endogenous substrates are advantageous in that they mature
effectively and are less likely to be seen as a foreign genetic
material. Still, the precise features of highly effective shRNAs
remain to be fully understood (Fellmann et al. 2011).

We recently demonstrated that the mir-451 backbone
is amenable to reprogramming to yield diverse functional
miRNAs from plasmid expression vectors (Yang et al. 2010).
With the goal of developing this system for gene silencing, we
performed structure–function studies to define critical param-
eters for Dicer-independent miRNA biogenesis. These exper-
iments provide a rational basis for efficient reprogramming
of Dicer-independent miRNA hairpins, provide unexpected
insights into the maturation of conventional shRNAs, and
highlight the dynamic status of different Ago2 cargoes.

RESULTS

Functional requirement for most, but not all,
pre-mir-451 hairpin base pairs

Slicing of the pre-mir-451 hairpin by Ago2 is absolutely
required for its maturation. We observed that point muta-

tions that introduce bulged nucleotides at the tenth and
eleventh positions across from the 59 end of pre-mir-451
abrogate its cleavage, thus arresting its biogenesis at the
hairpin stage (Yang et al. 2010). We investigated this further
by systematically assessing the requirement for base-pairing
along the pre-mir-451 stem, within the context of a functional
human pri-mir-144/mir-451 expression construct. Scanning
mutagenesis of its 3p arm (Fig. 1A) revealed that additional
unpaired positions could be introduced at either the ter-
minal loop (23A and 24C mutants) or the hairpin base
(39G mutant), without strongly compromising its activity
on a perfect sensor (Fig. 1B). On the other hand, unpaired
positions elsewhere on the stem generally impaired its
activity severalfold. In general, these changes in function
correlated with accumulation of the pre-miRNA hairpin
and loss of #30-nt miR-451 species (Fig. 1C). Therefore,
a high degree of hairpin structure is required for matura-
tion of short hairpins loaded into Ago2. Unpairing at
positions +36–38 also compromised accumulation of the
pre-miRNA, potentially reflecting impaired cleavage by the
Drosha/DGCR8 complex.

Notably, however, we observed that unpairing at +35
was well-tolerated for both biogenesis and function of miR-
451 (Fig. 1B,C). The adjacent 59-nucleotides (34C and 33C
mutants) were tolerant of unpairing, although to a lesser
extent. Curiously, unpairing of the adjacent 39-nucleotides
(36U and 37U) was strongly detrimental for miR-451
biogenesis and activity. As a control to these experiments,
we blotted for miR-144 and observed no change in its
mature levels in any of the variant constructs (Fig. 1C).
Therefore, these biogenesis effects are autonomous to the
mir-451 hairpin.

Unpairing at the +35 position enhances
miR-451 function

We were struck by the functionality of the 35G mutant.
Curiously, while pre-mir-451 has been highly conserved
during vertebrate evolution, one nucleotide on the 3p arm
is highly evolutionary labile (Fig. 2A) and is not even pre-
served among primates (e.g., between human and rhesus).
This nucleotide is, indeed, position 35 of pre-mir-451,
which adopts several identities resulting in both paired
and unpaired configurations in different species (G:U/C/G).
The collected biogenesis studies on the human (U), mouse
(C), and zebrafish (G) orthologs provided evidence that all
of these variants are compatible with endogenous miR-451
function (Cheloufi et al. 2010; Cifuentes et al. 2010; Yang
et al. 2010).

Taking note of the fact that adenine is avoided at the
hypervariable position in mir-451 orthologs, we introduced
this residue to generate a G–A mispair and compared it
with the G–G variant and the wild-type non-canonical G–U
pair at position +35 (Fig. 2B). All of these mutants were
well-processed in both HeLa cells and Dicer�/� MEFs
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(Fig. 2C). It appeared that both unpaired mutants were
resected more efficiently in HeLa cells, because they accu-
mulated less 30-mer and slightly more 23-mer. The dif-
ferences were not as apparent in Dicer�/� cells, which
exhibited an altered resection pattern. Nevertheless, both
‘‘G:G’’ and ‘‘G:A’’ unpaired variants exhibited detectably
greater activity than the wild-type construct, in both HeLa
and Dicer�/� cells (Fig. 2D). Therefore, even though strong
hairpin character is required for Dicer-independent bio-
genesis, unpairing at the +35 position is not only tolerated,
but even enhances activity.

Specific terminal loop nucleotides are not essential
for mir-451 biogenesis

An unusual aspect of mir-451 evolution, relative to all other
conserved miRNA genes, is the much greater constraint in its
terminal loop relative to its 39 hairpin arm (Lai et al. 2003;
Yang et al. 2010). Indeed, the 4 nt comprising its terminal
loop (AGUU) has been maintained among diverse verte-
brates ranging from human to fish (Fig. 2A). We tested
whether the strictly maintained terminal loop was required
for miR-451 biogenesis by mutating all four loop nucleotides

(loop-replaced), or adding an additional loop nucleotide
(loop-extended). We observed that both loop mutants re-
tained strong capacity to repress sensors (Supplemental Fig.
1). Therefore, the strictly conserved terminal loop does not
provide essential information for miR-451 maturation.

The influence of the 59-nucleotide of pre-mir-451
on its biogenesis and activity

Argonaute sorting in Drosophila routes different small
RNAs to specific Ago proteins on the basis of internal
duplex structure and the 59-nucleotide (Tomari et al. 2007;
Czech et al. 2009; Okamura et al. 2009; Ghildiyal et al.
2010). Mammalian Ago2 exhibits clear preference for 59

uridine and adenine over cytosine or guanine, suggesting
the possibility of sorting based on the 59-nucleotide (Frank
et al. 2010). However, substantial Ago sorting has not been
described in vertebrate systems, since most miRNAs appear
to accumulate relatively evenly among the Ago1-4 proteins,
even among miRNAs with different 59-nucleotides (Liu
et al. 2004; Meister et al. 2004).

miR-451 is in the minority of miRNAs that do not begin
with 59 uridine; however, its initiating 59 adenine is by no

FIGURE 1. Systematic mutational analysis of pre-mir-451. (A) Schematic of the human pri-mir-451 hairpin used for mutagenesis within
a previously described mir-451-mir-144 operon construct (Yang et al. 2010). The pre-mir-451 hairpin is shaded to denote the Ago2-cleaved
byproduct (yellow), the resected region following Ago2 cleavage (light green), and the mature miR-451 product (dark green). The mutants are
designated by their positions within the pre-mir-451 hairpin and the nucleotides to which they were changed. (B) Activity of mutant mir-451
constructs in HeLa cells, assayed on a Renilla luciferase construct bearing two antisense matches to mature miR-451. Sensor values were
normalized to the level observed in cells transfected with a functional mir-451 variant reprogrammed with the miR-23a sequence (Yang et al.
2010). (C) Northern blot analysis of variant mir-451 constructs. The blot was probed for mature miR-451, which detects the hairpin (42 nt),
Ago2-cleaved (30 nt), and resected species (23–30 nt). The blot was stripped and reprobed for miR-144 produced from the same construct. The
relative levels of total #30 nt miR-451 species were normalized to mature miR-144-3p. Note that mispairing caused by the 35G mutation was
compatible with the biogenesis and function of miR-451, with levels slightly higher than the corresponding wild-type construct.

Dicer-independent miRNA biogenesis

www.rnajournal.org 947



means unique among mammalian miRNAs. We systemat-
ically tested the influence of the 59-nucleotide of miR-451
using variant constructs (Fig. 3A). In fact, variant miR-451
molecules bearing 59-U, G, or C were all processed into
typical miRNA-sized species (Fig. 3B). Therefore, the 59-
nucleotide of pre-mir-451 is not strictly required for its
biogenesis. We did notice, however, that mutation of 59-A
to G substantially impaired the accumulation of matured
forms of miR-451 (Fig. 3B). This mutation introduces
a novel G:C base pair at the base of the pre-mir-451 stem.
We dissociated the effects of 59-G and base-pairing at the
+1 position by introducing a companion change on the 39

end of the hairpin (G–A variant). This version was well-
processed, indicating that the G–C variant is impaired for
structural reasons. We note, however, that the G–C variant
exhibited only a mild decrease in accumulation of pre-
miRNA. Therefore, even though in vitro assays showed
local unpairing to be important for facilitating Drosha
cleavage (Han et al. 2006), unpairing of the pre-mir-451
hairpin base may promote efficient maturation downstream
from Drosha cleavage.

Although all four 59-nucleotides were compatible with
miR-451 biogenesis, the maturation efficiency of the 59-C
and 59-G (G–A) variants appeared slightly reduced relative
to the 59-A and 59-U variants (Fig. 3B). We therefore

evaluated a possible quantitative effect on miR-451 activity
using sensor assays. We assayed the panel of 59 miR-451
variants on perfect and bulged sensors in HeLa cells and
observed that their relative activities could be ordered as
59-U > A > C = G (Fig. 3C). The 59-U variant was also the
most effective of these variants when tested in Dicer�/� cells
(Supplemental Fig. 2). Therefore, even though all known
mir-451 orthologs exhibit 59-A (e.g., Fig. 2A), its activity
can be potentiated by substituting for 59-U.

Stoichiometry of Ago proteins affects maturation
of miR-451

Previous studies indicated that pre-mir-451 can be loaded
to both Ago1 and Ago2, but that Ago1 cannot mature it
further owing to its lack of catalytic activity (Cheloufi
et al. 2010; Yang et al. 2010). We tested the other 59-
nucleotide variants and observed that Ago2 immunopre-
cipitates contained matured miR-451 species regardless of
59-nucleotide identity (Fig. 3D). On the other hand, Ago1
effectively loaded all four variants, but these were uni-
versally arrested as pre-mir-451 hairpins (Fig. 3D). We
further tested the capacity of Ago3 to load pre-mir-451 by
cotransfecting the pri-mir-144/mir-451 expression con-
struct with tagged Ago3. Immunoprecipitation of Ago3

FIGURE 2. Mutational analysis of the mir-451 hypervariable stem position. (A) Sequence alignment of selected mir-451 orthologs. These
emphasize strict conservation of mature miR-451 and the 39 resected region, from man to fish, as well as divergence in the pri-miRNA lower stem
(highlighted by red boxes). Note also that one position on the 39 hairpin arm is highly variable during evolution, creating both paired and
unpaired configurations; the specific nucleotide in human is not even preserved in rhesus. (B) Hypervariable site mutants that change the 35U
found in wild-type human to 35G or 35A. (C) Processing of hypervariable site mutants in HeLa cells and Dicer�/� MEFs. The 35G and 35A
mutants accumulated slightly less ac-pre-miRNA (arrow) and slightly more mature miR-451 (arrowhead) than the wild-type construct. The
banding patterns were not as substantially altered in the absence of Dicer; the lack of mature miR-144 confirms the genotype. (D) When tested on
sensors bearing two perfect miR-451 sites, the hypervariable site mutants were detectably more active than normal human mir-451. All errors
represent SEM; a Student’s two-tailed t-test was performed.
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showed that it associated almost exclusively with pre-mir-
451, and almost no mature miR-451 (Fig. 3D). As with
Ago1, Ago3 could load all four 59-nucleotide variants but
could not mature any of them. Therefore, multiple Ago
proteins can load short hairpins, but further maturation
definitively requires Slicer activity.

Since pre-mir-451 is not selectively loaded to Ago2, we
wondered whether the relative levels of Ago proteins might
influence biogenesis of miR-451. We tested this by exam-
ining total RNAs across the panel of four 59-nucleotide pre-
mir-451 variants cotransfected with tagged Ago1, Ago2, and
Ago3. Analysis of the input samples reported on the

FIGURE 3. Influence of 59-nucleotide and Ago protein levels on miR-451 biogenesis. (A) 59-Nucleotide variants. The pre-mir-451 hairpin
normally begins with A, which was altered to 59-U/C/G. Mutation to 59-G alone generates a base pair with the terminal C (G–C); therefore, we
also made a 59-G variant that is unpaired (G–A). (B) Maturation of the 59 variants in HeLa cells. All of the 59 variants that were unpaired at the +1
position were efficiently matured, although the 59-C and 59-G variants were processed less efficiently. Pairing at +1 (59-G, G–C) strongly
diminished accumulation of cleaved and resected forms. Quantification is the level of total #30-nt miR-451 species normalized to mature miR-
144-3p. (C) Activity of 59 variants on perfect (‘‘2x-si’’) and bulged (‘‘4x-mi’’) sensors showed that their activities paralleled the maturation
efficiency judged from Northern blotting. (D) Analysis of mir-451 59 variants in HeLa cells cotransfected with myc-Ago1/2/3. Ago-IP analysis
indicates that Ago2 associates exclusively with cleaved and 39 resected species from all four 59 variants, whereas Ago1 and Ago3 associate
exclusively with the pre-mir-451 hairpin of all four 59 variants. All Ago proteins associated equally with mature miR-144. (E) Analysis of
companion total RNA samples indicates distinct effects of ectopic Ago proteins on miR-451 and miR-144. Maturation of all 59 variants was
enhanced by elevated Ago2, but uniformly inhibited by elevation of either Ago1 or Ago3. Expression of Ago1/2/3 increased the levels of mature
miR-144 in all cases. (F) Functional consequences of Ago competition on miR-451 function. Repression of a miR-451 perfect sensor was
enhanced by coexpression of Ago2, and inhibited by coexpression of Ago1 or Ago3.

Dicer-independent miRNA biogenesis

www.rnajournal.org 949



influence of ectopic Ago proteins on bulk miRNA matu-
ration. Consistent with previous results (Diederichs and
Haber 2007), transfection of Ago1, Ago2, and Ago3 all
increased the steady-state level of the canonical miRNA
miR-144 carried by the expression construct (Fig. 3E),
suggesting that Ago proteins are limiting for miRNA
accumulation. In contrast, while Ago2 increased the mat-
uration of miR-451 relative to normal HeLa cells, ectopic
Ago1 and Ago3 strongly prevented the appearance of both
cleaved and resected forms of miR-451 in total RNA. These
findings indicated competition for pre-mir-451, so that
elevation of non-slicing Ago proteins can actively prevent
maturation of miR-451.

Ago competition had functional consequences, since the
introduction of ectopic Ago2 stimulated the repression of
a perfect sensor by miR-451 in HeLa cells, whereas
elevation of Ago1 or Ago3 inhibited its regulatory activity
(Fig. 3F). Therefore, the stoichiometry of endogenous Ago
proteins can influence the efficiency of the Dicer-indepen-
dent miRNA biogenesis, as well as the functional activity of
the resulting small RNAs.

The degree of G:C content in the 39 resected region
governs resection efficiency

A central aspect of miR-451 biogenesis is the resection of
the 39 duplexed region following Ago2 cleavage of the
hairpin precursor. Our analysis of an initial series of
reprogrammed mir-451 constructs revealed that some pro-
duced a ladder of <30-nt species, typical of endogenous
mir-451, whereas others preferentially produced single
bands that migrated closer to the expected ac-pre-miRNA
length (Yang et al. 2010). We hypothesized that these
variations might reflect differences in the efficiency of 39

resection following Ago2-mediated hairpin cleavage.
We tested this notion by analyzing chimeric constructs

based on mir-451 hairpins that had been reprogrammed
to express miR-199a-3p (mir-199a-RP) or miR-375-3p
(mir-375-RP) (Fig. 4A). The former expresses a ladder of
maturing bands, whereas the latter predominantly ex-
presses an z30-nt product in HeLa cells (Fig. 4B). The
same was true in Dicer�/� MEFs, except that the levels of
matured products were greater (Fig. 4B), as we typically
observe with Dicer-independent substrates. We then swap-
ped the distal hairpin stems of these constructs, yielding the
59-199a:375-39 and 59-375:199a-39 constructs. These chi-
meras clearly revealed that a hairpin with the distal region
of mir-199a and the hairpin base of mir-375 produced
multiple bands, similar to mir-199a-RP. The converse
hairpin containing only the distal region of mir-375 pro-
duced a single large band of nearly 30 nt, similar to mir-
375-RP (Fig. 4C). Again, these trends were recapitulated in
Dicer�/� MEFs (Fig. 4C). As a confirmation of cell genotype,
Dicer�/� MEFs were completely arrested for mir-144 bio-
genesis at the pre-miRNA stage as expected (Fig. 4B,C).

These experiments indicated that the sequence of the
distal stem determines its resection pattern; however, they
did not distinguish whether the change in the distal hairpin
quality or the terminal loop sequence was responsible.
Since mutation of the endogenous mir-451 terminal loop
did not substantially alter its processing (Supplemental
Fig. 1), we favored the hypothesis that some aspect of
hairpin quality was the major determinant of resection
pattern. We noticed that the mir-199a-RP and mir-375-RP
constructs differ in their amount of G:C pairing in their
hairpin regions remaining following Ago2 cleavage. The
former bears three G:C pairs and the latter six G:C pairs; by
comparison, endogenous mir-451 contains two G:C pairs in
this region. Further inspection of a panel of reprogrammed
mir-451 constructs (Yang et al. 2010) revealed that hairpins
with three or fewer G:C base pairs in this region usually
produced ladders of shortened species, while those with
four or more G:C base pairs typically did not.

When we plotted the number of G:C base pairs in the 39

resected region against their repression capacity as mea-
sured in Dicer�/� MEFs (Yang et al. 2010), we observed
a correlation of lower G:C content in this region with
enhanced activity (Supplemental Fig. 3). This correlation
was less pronounced in HeLa cells; however, this panel of
reprogrammed constructs differs in many qualities, of
which the G:C content in the 39 resected region was but
one variable. It was therefore conceivable that the Dicer�/�

situation allowed for a purer comparison, not confounded
by other issues of competing in a background of canonical
miRNAs. Overall, these observations were suggestive that
the G:C content of distal stems influences their resection
following Ago2 cleavage.

We tested this directly by systematically mutagenizing
the distal region of the mir-451 hairpin, which normally
contains two G:C in the resected region, to include three,
four, five, or eight distal G:C pairs (Fig. 4D). The hairpin
forms of highly G:C-rich variants were not detected as
efficiently, probably due to their stable structures, as
demonstrated in control hybridizations against synthetic
oligonucleotides (Supplemental Fig. 4). However, the lin-
ear, Ago-cleaved, and resected species should be detected
with comparable efficiency. These experiments showed
that shortened resection products remained abundant with
three to four G:C pairs, but declined substantially in the
variants with five or eight G:C pairs (Fig. 4E). We further
asked whether the efficiency of 39 resection influences
the activity of reprogrammed mir-451 constructs, using a
miR-451 seed sensor that permits direct comparison across
a panel of constructs. These tests showed that variants
bearing increased G:C content in the resected region were
increasingly impaired in their capacity to repress the
sensor (Fig. 4F). These tests are consistent with the notion
that the degree of G:C content in the 39 resected region
governs the maturation efficiency of Ago2-mediated
miRNA biogenesis.
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Influence of hairpin length on direct Ago2 processing
and Dicer cleavage

Although the mir-451 locus has been very highly conserved
during vertebrate evolution, the length of pre-mir-451
hairpins is not absolutely constant. For example, its loop
region is 1 nt longer in several fish species compared with
land vertebrates (Yang et al. 2010). We therefore performed
systematic tests to address whether modulation of mir-451

hairpin length affected its biogenesis (Fig. 5A). We com-
pared the small RNA products produced from these length
variants in Ago2�/� cells supplemented with wild-type
Ago2 (Ago2-WT) or catalytically dead Ago2 (Ago2-CD),
as well as in Dicer�/� cells.

We observed that a variety of lengthened hairpins were
competent to generate mature miR-451 (Fig. 5B). Given the
variation seen in fish mir-451 orthologs, the biogenesis of
hairpins lengthened by 2 or 3 bp was perhaps not too

FIGURE 4. Influence of distal hairpin G:C content of 39 resection efficiency. (A) mir-451 constructs reprogrammed with pre-mir-199a (mir-
199a-RP) or pre-mir-375 (mir-375-RP). These were compared with chimeric constructs in which the hairpin stem distal to the Ago2 cleavage site
(marked by the horizontal line) was exchanged. GC pairs in the resection region are marked with blue asterisks. (B,C) Northern analysis of the
wild-type and chimeric constructs in HeLa cell or Dicer�/� MEFs. Similar patterns were observed in these cell lines except that expression of the
mir-451-type constructs is higher in the absence of Dicer, whereas expression of the linked mir-144 is arrested at the pre-miRNA stage. The blots
show that the 39 resection pattern is correlated with the identity of the hairpin region distal to the Ago2 cleavage site; i.e., 59-375:199a-39 resembles
miR-199a, while 59-199a:375-39 resembles miR-375. (D) Direct manipulation of GC content in the human pre-mir-451 backbone. It normally
contains two GCs in the 39 resected region, and variant constructs sampled 3/4/5/8 GC pairs. (E) Northern analysis of the GC variant panel of mir-
451. Increase of distal GC content impairs generation of 39 resected forms of miR-451 in HeLa cells. The levels of Ago-cleaved and 39 resected
forms of miR-451 are severely reduced with high GC content. (*) The pre-mir-451, which appears to decrease with higher GC content. However,
control experiments using oligonucleotide standards show that these high-GC-content hairpins are inefficiently detected; in contrast, the linear
Ago-cleaved forms of these hairpins are detected with equal efficiency (Supplemental Fig. 4). Expression of miR-144 validates equal transfection
and loading. (F) Functional consequences of increased GC content on miR-451 function. These were tested in Dicer�/� cells against a luciferase
sensor bearing four seed matches for miR-451. The variants with the highest GC content in the 39 resected region were severely impaired in their
repression activity.

Dicer-independent miRNA biogenesis

www.rnajournal.org 951



FIGURE 5. Influence of hairpin length on entry into the Ago2-dependent miRNA pathway. (A) The pre-mir-451 hairpin was extended by adding
base pairs distal to the mature 23-nt miR-451 product (dark green box); thus, the sequence of mature miR-451 is not expected to change across
this panel of length variants. Also highlighted are the inferred 12-nt 39 passenger strand resulting from Ago2 cleavage (yellow box) and the 39
resected region (light green box) following Ago2 cleavage. The solid reference line depicts the location of Ago2-mediated passenger strand
cleavage; the dotted reference line depicts the putative location of 21-nt Dicer cleavage. (B) Northern blot analysis of the depicted constructs in
Ago�/� MEFs reconstituted with wild-type Ago2 (Ago2-WT), with catalytic dead Ago2 (Ago2-CD), or in Dicer�/� MEFs, using a mature miR-
451-5p probe in the common sequence of the panel of length variants. The blots were stripped and reprobed with U6 as a loading control. The
absence of matured species in Ago2-CD cells for WT, +1, +2, and +3 constructs indicates that they are processed predominantly by the Ago2-
dependent pathway; this is substantiated by their processing in Dicer�/� cells. With the +4 variant, a modest amount of Ago2-independent
product appears and is enhanced in the +5, +6, and +7 constructs. This product is shorter than the predominant species detected in companion
Dicer�/� cells, indicating that they are generated by distinct nucleases. The +5 variant is capable of maturing via both Ago2-dependent and Dicer-
dependent pathways. The +7 variant is strictly Dicer-dependent. (C) Sensor assays of the length variant panel in HeLa cells and Dicer�/� MEFs
against a miR-451 luciferase sensor bearing four seed matches. The repression capacity of Ago2-dependent and Dicer-independent hairpins is
relatively equivalent in HeLa cells, except for the +3 and +4 variants (which correlates with their lower efficiency of biogenesis, panel B). A subset
of these hairpins is also active in Dicer�/� MEFs, with shorter hairpin lengths exhibiting enhanced activity.
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surprising; however, constructs lengthened by 5–8 bp were
also processed. The small RNA patterns generated across
the panel of genetic backgrounds provided insight into the
nature of biogenesis pathways. In particular, length variants
of +1 to +3 were fully dependent on Slicer processing,
because they were absent from Ago2-CD cells. On the other
hand, length variants of +5 and greater produced mature
small RNAs in Ago2-CD cells, suggesting that they were
generated by the canonical Dicer-mediated pathway. This
was further evident by the fact that the small RNAs
produced in Dicer+ cells (i.e., in Ago2�/� cells reconstituted
with either Ago2-WT or Ago2-CD) were slightly shorter and
more homogeneous than those normally generated by mir-
451, consistent with RNase III–mediated cleavage.

Surprisingly, the fact that a substrate could be matured
in a Slicer-independent fashion did not imply de facto that
it was Dicer-dependent. For some variants, this was true;
for example, the +7-bp stem extension matured in Ago2-
CD cells and strictly accumulated the ac-pre-miRNA hair-
pin in Dicer�/� cells (Fig. 5B). The accumulation of the
longer ac-pre-miRNA species in this
condition may potentially reflect diffi-
culty in unwinding an extended du-
plexed region following Ago2 cleavage.
Therefore, Ago2 may preferentially ma-
ture shorter substrates. However, within
the +4-bp to +6-bp range, we observed
that the same hairpin substrate could
transit both Slicer-dependent and Dicer-
dependent pathways. The +5-bp variant,
which bears a 22-bp stem, struck a bal-
ance for being relatively well-matured
in both Ago2-CD cells and Dicer�/� cells
(Fig. 5B).

We tested the functional activities of
this panel of constructs, and found them
to be concordant with the Northern
analyses (Fig. 5C). Here, we used multi-
merized miR-451 miRNA-type sensors so
that we could directly compare the activ-
ity of the different pre-mir-451 variants.
In HeLa cells, the Ago2-dependent and
Dicer-dependent substrates were broadly
of similar activity with the exception of
the +4 length variant being weaker; it
was also the least efficiently processed
variant in Northern assays. In Dicer�/�

cells, the elevated function of Ago2-
dependent substrates became very appar-
ent. This potentially reflected the loss of
competition for Ago2 loading by canon-
ical miRNA substrates, the converse of
the Ago competition scenario observed
in Figure 3, D and E. Finally, the +6 and
+7 hairpin substrates were barely active

in Dicer�/� cells (Fig. 5C), corroborating the Northern
analysis (Fig. 5B).

Dicer-independent, Slicer-mediated maturation
of conventional shRNA

These length variation series demonstrated that hairpin
stems of appropriate length are capable of maturing via
both Dicer-dependent and Dicer-independent pathways
(e.g., +5-bp 6 1-bp stem variants). We noted that these
lengths overlap the stem length typically utilized in shRNA
constructs. It has been assumed that conventional shRNAs
are fully Dicer-dependent, but to our knowledge this has
not actually been widely tested.

We therefore examined this using a typically sized
shRNA with a 5-nt loop and a 21-bp stem unrelated to
mir-451 (Fig. 6A), expressed under control of RNA poly-
merase III. We expressed this shRNA in Ago2�/� MEFs
reconstituted with either wild-type Ago2 or catalytic-dead
Ago2, as well as in Dicer�/� MEFs. We detected accumu-

FIGURE 6. Maturation of a conventional shRNA through the Dicer-independent pathway.
(A) Sequence of a conventional Pol III shRNA bearing a 21-bp stem and a 5-nt loop. The
position of Ago2-mediated cleavage, if it occurs, is predicted to be at +37 from the 59 end.
(B,C) Expression of the shRNA in Ago�/� MEFs reconstituted with wild-type Ago2 (Ago2-
WT) or with catalytic dead Ago2 (Ago2-CD), or in Dicer�/� MEFs. Small RNA products from
both hairpin arms are detected in Ago2-WT and Ago2-CD cells; the shRNA hairpin is also
detected at a low level. The hairpin accumulates to a high level in Dicer�/� cells, which also
accumulate a heterogeneous set of <30-nt products detected with a 5p arm probe, but not the
3p arm probe. (D,E) Sorting and processing of shRNA-derived small RNAs in Dicer�/� cells
cotransfected with tagged hAgo1 or hAgo2. In total RNA from the input samples, the z37-nt
Ago-cleaved hairpin and z23-nt to 27-nt 39 resected species are detected with the 5p probe
(D), but the 3p probe detects only the full-length shRNA hairpin (E). The hAgo1-IP samples
contain only the full-length shRNA hairpin that is codetected by 5p and 3p probes, but hAgo2-
IP samples contain the Ago-cleaved and 39 resected mature species.
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lation of mature siRNAs from both 5p and 3p arms in
Dicer+ cells, irrespective of Slicer status (Fig. 6B,C). In
contrast, when tested in the absence of Dicer, both probes
detected a strongly accumulated pre-shRNA hairpin. How-
ever, a probe against the 5p product also detected a series of
shorter bands (Fig. 6B), whereas none were detected with
the 3p probe (Fig. 6C). These banding patterns were reminis-
cent of Slicer-mediated banding patterns of miR-451 and its
derivatives.

We tested whether this was the case by transfecting
Dicer�/� cells with the shRNA and either myc-Ago1 and
myc-Ago2, immunoprecipitating for Ago proteins, and
probing for shRNA-derived species. As observed with
mir-451, overexpression of Ago2 enhanced the biogenesis
of the shRNA via the Slicer-dependent pathway, since we
could clearly observe the presence of the 37-nt Ago-cleaved
shRNA-5p species as well as a series of <30-nt bands even
in input total RNA samples (Fig. 6D). IP analysis showed
that Ago1 complexes contained only the full-length shRNA
hairpin, which was detected with both 5p and 3p probes
(Fig. 6D,E). On the other hand, Ago2 lacked reactivity to
the hairpin, but carried the Ago-cleaved shRNA-5p species
and its resected derivatives (Fig. 6D). Finally, we observed
that Ago2 lacked reactivity to the 3p arm of shRNA
(Fig. 6E), as predicted if it, in fact, cleaved this arm in
the process of generating mature siRNAs. These findings
indicate that despite the predominant processing of con-
ventional shRNAs by Dicer, they are nonetheless capable of
transiting the Slicer-mediated pathway, especially in the
absence of the Dicer-mediated pathway.

DISCUSSION

Dicer-mediated versus Ago2-mediated
miRNA biogenesis

Since Dicer is generally considered essential for the bio-
genesis of miRNAs and siRNAs, the elucidation of a well-
conserved, Dicer-independent miRNA in vertebrates came
as a surprise (Cheloufi et al. 2010; Cifuentes et al. 2010;
Yang et al. 2010). These findings echo other recent studies
of Dicer-independent miRNAs and siRNAs in fungi (Halic
and Moazed 2010; Lee et al. 2010) and the fact that animal
piRNAs (Ruby et al. 2006; Vagin et al. 2006) and Caeno-
rhabditis elegans secondary siRNAs (Pak and Fire 2007;
Sijen et al. 2007) are independent of RNase III enzymes.
However, a unique feature of the mir-451 pathway is that Ago2
is not only the recipient of the small RNA produced by other
enzymes, but its slicing activity is a prerequisite for additional
maturation steps. In this sense, it is somewhat reminiscent of
piRNA ‘‘ping-pong,’’ where the slicer activity of Piwi proteins
defines the piRNA 59 end and permits 39 end generation
(Brennecke et al. 2007; Gunawardane et al. 2007).

In light of similarities between Dicer- and Slicer-medi-
ated miRNA biogenesis in animal cells—both utilize short

RNA hairpins cropped by Drosha/DGCR8—their distinc-
tions are worth noting. For example, the broad flexibility in
59-nucleotide identity for mir-451 biogenesis was unex-
pected. By comparison, the 59-uridine of let-7 was reported
to be required for the ability of the miRNA–Ago2 complex
to recruit mRNA targets for cleavage (Felice et al. 2009),
and human Ago2 strongly disfavors 59-cytosine or guanine
as guide RNAs (Frank et al. 2010). In contrast, all four 59-
nucleotides were relatively equally capable of maturing and
loading as pre-mir-451 hairpins, with a detectable although
not overwhelming functional advantage to the 59-U variant.
This may suggest distinctions in the recognition of hairpins
and small RNAs by Ago2.

Our studies also reveal an unappreciated competition for
substrates among Ago proteins (Fig. 3) and between Dicer
and Ago (Fig. 5). With regard to the first point, we find that
Ago1 and Ago3 can actively load pre-mir-451 but cannot
mature it further owing to their lack of catalytic capacity.
This induces a type of functional sorting in that only Ago2
can be populated with mature, active miR-451. Therefore,
elevated stoichiometry of non-slicing Ago proteins can
actively inhibit maturation of miR-451-type substrates.
With regard to the second point, although Ago proteins
are most well-known for loading short RNA duplexes,
Ago2 has been reported to cleave pre-miRNA hairpins to
some extent (Diederichs and Haber 2007). Moreover,
loading of pre-miRNA hairpins into Ago2 is strongly
enhanced in the absence of Dicer (Tan et al. 2009). These
findings indicate that pre-miRNA hairpins are not exclu-
sively routed to Dicer. We characterized the interplay
between the acceptance of hairpin substrates by these two
pathways, starting from the general notion that short
hairpins such as pre-mir-451 are not Dicer substrates, while
canonical pre-miRNA hairpins are preferred Dicer sub-
strates. By systematically lengthening the pre-mir-451 stem,
we identified a midpoint at which hairpins are capable of
traversing both pathways. Such bifunctional intermediates
may provide a useful starting point in studying the routing
mechanisms and the nature of competition between Dicer
and Argonaute proteins for cellular RNA hairpins.

Rational design of mir-451-based silencing constructs

The mir-451 backbone can be reprogrammed to generate
other regulatory RNAs, not only in the context of synthetic
RNA hairpins (Cheloufi et al. 2010; Cifuentes et al. 2010)
but also from plasmid constructs (Yang et al. 2010).
Therefore, mir-451 provides an alternative to using shRNA
or sh-miR constructs. In principle, there are theoretical
advantages to using mir-451-type constructs. They contain
less dsRNA than other silencing triggers, thus they should
evade PKR-mediated defense. Because mir-451 does not
mature via Dicer, it does not compete with this aspect
of canonical miRNA biogenesis. Perhaps most salient are
the facts that mir-451 lacks a ‘‘star’’ strand and matures
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strictly within Ago2–Slicer. Star species have substantial
regulatory impact (Okamura et al. 2008; Yang et al. 2011),
and while knowledge of thermodynamic asymmetry can
improve strand-selective loading (Khvorova et al. 2003;
Schwarz et al. 2003), the mir-451 system simply eliminates
the star strand. As for Ago selectivity, while Drosophila
Ago proteins sort different cargoes, mammalian Ago
proteins do not broadly implement sorting since most
miRNAs load all four mammalian Agos (Liu et al. 2004;
Meister et al. 2004). A major source of undesired ‘‘off-
target’’ effects of designed siRNAs result from seed-
matched targets that mimic miRNA regulation (Jackson
et al. 2003, 2006). Although pre-mir-451 is not sorted per
se, its Slicer-dependent maturation means that its func-
tional regulatory product does not populate Ago proteins
that solely perform miRNA-type repression.

Our systematic structural analysis of mir-451 reveals
several principles that maximize its activity and inform
rational efforts to utilize this backbone as a silencing tool.
For example, even though mir-451 orthologs all initiate
with 59-A, we found the 59-U variant to exhibit detectably
increased activity (Fig. 3). In addition, while it might be
assumed that a perfect hairpin is optimal for mir-451
activity, we found that unpairing at the pre-miRNA base
is required for efficient processing and that specific unpair-
ing at the +35 position is not only tolerated, but appears to
potentiate its activity (Fig. 2). Augmentation of Ago2 levels
also improves the activity of mir-451-type triggers, since
non-slicing Ago proteins titrate available pre-mir-451 into
non-functional complexes (Fig. 3). Finally, we demonstrate
that the degree of G:C content in the distal duplexed region
of ac-pre-mir-451 determines the efficacy of 39 resection
and resultant regulatory activity, such that a relatively low
G:C content improves processing (Fig. 4). Altogether, this
combination of features can be used to select appropriate
target sites and hairpin structures for optimal Ago2-mediated
biogenesis of designed siRNAs.

MATERIALS AND METHODS

Generation of mutant hsa-mir-451-expressing
constructs

The wild-type hsa-mir-144/451 construct was previously described
(Yang et al. 2010). mir-451 mutant sequences were cloned between
two EcoRI sites of the pcDNA6.2/N-EmGFP TOPO vector
(Invitrogen) using Cold Fusion Cloning Kit (System Biosciences).
Briefly, oligonucleotides (Supplemental Table ‘‘primers’’) con-
taining the mutant sites with z15-nt upstream and downstream
flanking sequences were used in combination with either the FP1
forward or TK-poly(A) reverse primer in a polymerase chain
reaction (PCR) using the wild-type hsa-mir-144/451 plasmid as
template. The resulting two PCR products that had an over-
lapping region were gel-purified and mixed with EcoRI-digested
hsa-mir-144/451 plasmid. The cold fusion cloning reaction was
then performed according to the manufacturer’s manual.

Cell culture and transfection

HeLa cells and mutant MEFs (Yang et al. 2010) were grown in
DMEM medium supplemented with 10% heat-inactivated FBS
and 1% Penicillin-Streptomycin (GIBCO) and incubated in a
humidified 37°C/5% CO2 incubator. Lipofectamine 2000 reagent
(Invitrogen) was used to transfect cells with different constructs
according to the manufacturer’s manual. Cells were harvested 24 h
after transfection.

Northern blotting

Total RNA was extracted from cultured cells with TRIzol (Life
Technologies). RNA samples were separated on 20% urea poly-
acrylamide denaturing gels (National Diagnostics), transferred to
GeneScreen Plus (PerkinElmer), and probed with [g-32P]-labeled
DNA oligonucleotides antisense to the subjective miRNAs over-
night at 45°C. The membranes were washed with 23 SSC/0.1%
SDS at 45°C four times, 15 min each time. Then the signals were
exposed to Imaging Plate (Fujifilm). The sequences of the probes
are listed in the Supplemental Table ‘‘Northern probes.’’

To analyze Ago-associated RNA, cells were cotransfected with
Myc-tagged Ago constructs and miRNA-expressing constructs.
Cell lysates were cleared and then incubated with Myc antibody-
conjugated Dynabeads Protein G (Invitrogen). The Ago-associ-
ated RNA was extracted with phenol:chloroform:isoamyl alcohol
(25:24:1), followed by ethanol precipitation overnight at �20°C.
The RNA was analyzed as described above.

Luciferase sensor assay

The psiCHECK2 luciferase sensor constructs were generated as
previously described (Okamura et al. 2007). HeLa and mutant
MEFs were cotransfected with miRNA and sensor plasmids using
Lipofectamine 2000 (Invitrogen). Twenty-four hours after trans-
fection, luciferase activities were measured with the Dual-Glo
Luciferase Assay System (Promega) following the manufacturer’s
instruction.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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