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ABSTRACT

RNase III enzymes are fundamental to the biogenesis of microRNAs (miRNAs) and small interfering RNAs (siRNAs) in all species
studied. Although alternative miRNA pathways independent of Drosha or Dicer exist, each still requires one RNase III-type
enzyme. Here, we describe two strategies that marry either RNase Z or the Integrator complex with the slicing activity of
Argonaute2 to generate highly functional mature miRNAs. We provide stringent validation of their RNase III independence by
demonstrating efficient miRNA biogenesis and activity in Drosha and Dicer knockout cells. These data provide proof-of-
principle evidence for additional mechanistic possibilities for efficient generation of small regulatory RNAs, and represent novel
silencing triggers that may be exploited for technical purposes.
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INTRODUCTION

RNA interference (RNAi) was coined to describe the phe-
nomenon whereby injection of synthetic double-stranded
RNA into Caenorhabditis elegans efficiently silences homol-
ogous transcripts (Fire et al. 1998). RNAi is now recognized as
an ancient strategy for homology-based post-transcriptional
silencing mediated by z20–32 nt RNAs, and it plays critical
roles in gene regulation in diverse plant, fungal, and animal
systems (Lai 2003; Axtell et al. 2011). At the heart of the
conserved RNAi machinery lie two factors, Dicer and
Argonaute (Czech and Hannon 2010; Yang and Lai 2011).
Dicer is an enzyme of the RNase III family that cleaves longer
substrates into short RNAs, which load into Argonaute (Ago)
proteins and serve as guides to identify complementary
targets for regulation. Ago proteins contain a signature
Piwi domain, which adopts an RNase H-like fold that
serves as a catalytic center for target cleavage (Parker et al.
2004; Song et al. 2004; Yuan et al. 2005). While some Ago

proteins lack catalytic activity, at least one Ago protein in
all species that have RNAi has the capacity to cleave targets,
also known as ‘‘Slicer’’ activity (Hutvagner and Simard
2008).

One hypothesis concerning the origin of RNAi is that
it evolved as a defense against invasive nucleic acids such
as viruses and transposons, using small interfering RNAs
(siRNAs) generated from such invaders to guide their
destruction (Ding and Voinnet 2007). With a system for
homology-based repression in place, RNAi may have been
redirected to endogenous gene regulation. A wide variety of
processes, ranging from post-transcriptional repression of
gene expression during development and physiology, es-
tablishment and maintenance of silenced chromatin, to
programmed genome rearrangements, have been shown to
be directed by RNAi pathways and short RNAs in various
organisms (Flynt and Lai 2008; Ketting 2011).

The RNAi pathway appears to have engendered the
biogenesis of short RNAs from endogenous inverted repeat
transcripts several times during evolution, and this capacity
may have emerged independently in plants, fungi, and
animals (Axtell et al. 2011). Depending on the specificity
of processing and the enzymes involved, inverted repeat
transcripts can yield microRNAs (miRNAs) or siRNAs.
The specificity of small RNA sequences forms a general
basis for hairpin categorization. It is generally accepted
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that miRNA hairpins generate a specific small miRNA/star
duplex, whereas siRNA hairpins generate multiple small RNA
duplexes, which can either be phased or exhibit heteroge-
nous and/or overlapping termini. Nevertheless, the cate-
gories of inverted repeat transcripts exist along a contin-
uum. For example, some plant hairpins are processed by
the miRNA machinery into multiple small RNA species
that associate with Ago proteins (Rajagopalan et al. 2006;
Zhang et al. 2010), while others are concomitantly pro-
cessed by both miRNA and siRNA machinery (Vazquez
et al. 2008). On the other hand, while Drosophila hairpin
RNAs are exclusively processed by the siRNA machinery
(Czech et al. 2008; Kawamura et al. 2008; Okamura et al.
2008), some hairpin RNA-derived small RNAs load into
the miRNA effector Ago1 (Miyoshi et al. 2010; Ameres et al.
2011; Okamura et al. 2011).

In any case, a fundamental commonality of siRNA and
miRNA pathways is that RNase III-like enzymes are required
for efficient biogenesis. mi/siRNA biogenesis in fungi and
plants relies on Dicer family enzymes, and miRNA bio-
genesis in animals requires RNase III-like enzymes of both
the Drosha and Dicer families (Fig. 1A). While canonical
pathways generate most miRNAs, a cornucopia of alternative
strategies have emerged recently, including animal pathways
that are independent of Drosha or Dicer (Westholm and Lai

2011; Yang and Lai 2011). For example, mirtrons are short
hairpin introns whose splicing defines their pre-miRNA
hairpin ends (Okamura et al. 2007; Ruby et al. 2007), thus
bypassing Drosha (Fig. 1B). The ‘‘39 tailed’’ mirtrons com-
bine splicing with action of the RNA exosome to generate the
Dicer substrate (Flynt et al. 2010). Still other RNases can
substitute for Drosha to cleave pre-miRNA hairpins from
longer precursor transcripts, such as RNase Z (Bogerd et al.
2010) or the Integrator complex (Cazalla et al. 2011). On
the other hand, Drosha cleavage of mammalian mir-451
generates a 42-nt-long hairpin that is too short to serve as
a Dicer substrate (Fig. 1C). Instead, pre-mir-451 is loaded
directly into Ago2 and relies on its ‘‘slicer’’ activity for
maturation (Cheloufi et al. 2010; Cifuentes et al. 2010; Yang
et al. 2010).

The existence of these sundry pathways highlights the flex-
ibility of small RNA biogenesis during evolution (Westholm
and Lai 2011; Yang and Lai 2011). Nevertheless, an RNase
III-type enzyme remains essential in all alternative miRNA
pathways. In this study, we successfully designed both
RNA pol II- and pol III-dependent systems for effective
miRNA biogenesis in mammalian cells that are completely
independent of RNase III-family enzymes. Stringent evi-
dence is provided by demonstrating efficient maturation
and function of miRNAs in both Drosha and Dicer knockout
cells. These constructs may be exploited as novel triggers of
gene silencing, and they support the intriguing hypothesis
that RNAi may have initially emerged as an Ago-dependent
biogenesis pathway.

RESULTS

RNase III-independent miRNA biogenesis mediated
by Integrator and Ago2

We wondered whether it was possible, by appropriate
design, to generate substrates that bypass both RNase
III-type enzymes that are considered obligate for miRNA
biogenesis in mammalian cells. Our initial attempts to gen-
erate RNase III-independent miRNAs involved mirtrons of
pre-mir-451 hairpin length. In Drosophila and C. elegans,
many mirtrons can be expressed at sufficient levels to be
detected using Northern analysis (Okamura et al. 2007; Ruby
et al. 2007; Chung et al. 2011). However, the mammalian
mirtrons that we tested (mir-877 and mir-1228), although
conserved and/or reasonably represented in small RNA
libraries (Berezikov et al. 2007; Westholm et al. 2012), were
poorly active on cognate sensors when expressed in HeLa
cells (Supplemental Fig. 1). Moreover, we did not observe
robust accumulation of specific miRNA-sized species when
total RNA from cells transfected with these mirtron con-
structs was assayed by Northern blot (Supplemental Fig. 1).
This was consistent with other recent studies of mirtron
biogenesis in mammalian cells, which did not utilize North-
ern analysis and relied on amplification by stem–loop–rtPCR

FIGURE 1. Summary of major characterized miRNA biogenesis
pathways in animal cells. (A) Canonical miRNAs are produced by
sequential cleavage by the RNase III enzymes Drosha and Dicer.
Resultant miRNA/star duplexes load into miRNA effector Argonautes
(Ago1–4 in mammals), and the active regulatory complex contains a
single-stranded miRNA. (B) Several alternative miRNA biogenesis path-
ways bypass Drosha cleavage by exploiting the spliceosome (which
processes introns), RNase Z (which processes tRNAs), and Integrator
(which processes snRNAs); other sources of Drosha-independent
miRNAs have also been described. (C) Vertebrate mir-451 has a
short hairpin that is processed by Drosha but then bypasses Dicer.
Instead, the pre-miRNA is directly loaded into Ago proteins; those
that enter the sole catalytic member Ago2 are sliced on the 39 arm
and subsequently trimmed to yield mature miR-451.
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to detect mature small RNAs (Havens
et al. 2012; Sibley et al. 2012).

As the splicing-derived miRNA path-
way did not appear promising for this
effort, we investigated other strategies.
We recently reported that the Integrator
complex (Baillat et al. 2005), normally
involved in biogenesis of Sm-class small
nuclear RNAs (snRNAs), can substitute
for Drosha/DGCR8 during miRNA bio-
genesis (Cazalla et al. 2011). Our studies
of Herpesvirus saimiri snRNAs (HSURs)
revealed that some are encoded up-
stream of a pre-miRNA hairpin. The In-
tegrator complex cleaves the 39 box
downstream from the snRNA, releasing
the pre-miRNA for nuclear export and
cleavage by Dicer. A minigene containing
the U1 promoter, 39 cleavage box and
pre-mir-HSUR4 hairpin but no snRNA
(U1-mir-dd) (Fig. 2A; Supplemental Fig.
2) generates a Drosha-independent, In-
tegrator/Dicer-dependent miRNA (Cazalla
et al. 2011). Therefore, an snRNA-like moi-
ety is not required for miRNA biogenesis.

We modified the HSUR4 pre-miRNA
in the U1-mir-dd construct to mimic pre-
mir-451 hairpin length and structure,
yielding U1-mir-ad (Fig. 2A; Supple-
mental Fig. 2). We compared the func-
tional properties of the two U1-miRNA
constructs. When assayed in 293T cells,
both constructs repressed a sensor bear-
ing sites perfectly complementary to
HSUR4-5p. Although less effective than
the Dicer-dependent version, U1-mir-ad
repressed its sensor nearly 10-fold (Fig.
2B). We confirmed that these constructs
generate specific short RNAs using
Northern assays. The Dicer-generated
HSUR4-5p miRNAs were more homo-
genously sized and shorter than the ladder
of RNAs produced by U1-mir-ad (Fig. 2C),
consistent with the idea that the latter
matures via a 39 exoribonucleolytic activity.

We assayed the biogenesis of the U1-
miRNA constructs in greater detail. We
reported earlier that the generation of
HSUR miRNAs is dependent on In-
tegrator (Cazalla et al. 2011). Consistent
with this, siRNA-mediated depletion of
Int11 completely abrogated maturation
of U1-mir-dd, while canonical mir-142 was unaffected (Fig.
2D). The maturation of U1-mir-ad similarly was fully de-
pendent on Int11, as cells treated with siRNAs against Int11

failed to generate mature miR-HSUR4-5p (Fig. 2D). We
next assayed cells depleted of the Drosha cofactor DGCR8
and observed that this treatment eliminated biogenesis of

FIGURE 2. Biogenesis and function of a Drosha/Dicer-independent miRNA generated by the
Integrator pathway. (A) A minigene in which the normally Dicer-dependent (dd) pre-mir-
HSUR4 hairpin (U1-mir-dd) (see also Supplemental Fig. 2) has been shortened to Ago2-
dependent (ad) length (U1-mir-ad); mature miR-HSUR4-5p is indicated by the red box. (B)
Functionality of U1-mir-dd and U1-mir-ad against a luciferase sensor bearing bulged miR-451
sites, assayed in 293T cells. Averages of three independent experiments with SD are shown. (C)
Accumulation of mature miR-HSUR4-5p following transfection of U1-mir-dd and U1-mir-ad
into 293T cells; EBER1 was cotransfected and detected as a control. (D–F) Integrator-
dependent, microprocessor-independent processing of U1-mir constructs. 293T cells were
transfected with control siRNA (siControl) or siRNA against Integrator11 (siInt11) for 48 h,
followed by retransfection with siRNA and a mixture of expression plasmids for EBER1, mir-
142, and either U1-mir-dd or U1-mir-ad. Expression of mature miR-HSUR4-5p from both U1-
mir-dd and U1-mir-ad was lost following knockdown of Int11, while miR-142-3p and EBER1
were unaffected. (E) The same experimental setup as in D, except using siRNA against DGCR8.
Mature miRNAs were effectively produced from both U1-mir constructs, but not from
canonical mir-142. (F) Drosha-fl/fl Cre-ER mouse ES cells were mock-treated (�) or treated (+)
with 4-OH-Tamoxifen (tam) for 72 h, followed by cotransfection of U1-mir-ad, mir-142, and
EBER1. miR-HSUR4-5p but not miR-142-3p accumulated in Drosha knockout cells. (G) Dicer-
independent processing of U1-mir-ad. Dicer knockout MEFs were transfected with U1-mir-
dd and U1-mir-ad; biogenesis of the former was arrested at the pre-miRNA stage while the
latter continued to generate mature miRNAs in the absence of Dicer. (H) Slicer-dependent
processing of U1-mir-ad. Northern blot showing coimmunoprecipitation of miR-HSUR4-5p or
endogenous miR-16 from 293T cells cotransfected with either U1-mir-dd or U1-mir-ad, and
either FLAG-Ago1, FLAG-Ago2, or FLAG-Ago2D669A. (I) Input (5%); (P) Pellet (100%).
Dicer-dependent mature miRNAs associate with all of these tagged Ago proteins, but Ago2-
dependent mature miRNAs are present only in wt Ago2 immunoprecipitates.
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mir-142, but did not substantially affect either U1-mir-dd
or U1-mir-ad (Fig. 2E). Thus, the biogenesis of U1-mir-ad
appeared independent of the canonical nuclear miRNA
pathway. We performed a strict test of this by assaying its
properties in Drosha-knockout cells, generated by treating
Drosha[fl/fl] Cre-ER mES cells with tamoxifen (Karginov
et al. 2010); mock-treated cells served as a control. We waited
3 d to allow depletion of Drosha mRNA and protein, a
timepoint at which mir-142 was no longer processed (Fig.
2F). On the other hand, U1-mir-ad generated mature miR-
HSUR4-5p in Drosha knockout cells (Fig. 2F). Therefore,
both Dicer-dependent and Ago-dependent U1-miRNA con-
structs are independent of the Microprocessor, but require
Integrator.

We next examined the cytoplasmic steps in the biogenesis
of U1-miRNAs. We transfected the U1-miRNA constructs
into cells stably deleted for Dicer, which are unable to gen-
erate mature canonical miRNAs (Yi et al. 2006; Yang et al.
2010). Indeed, these cells were unable to process U1-mir-dd
beyond the pre-miRNA stage (Fig. 2G). In contrast, mature
miR-HSUR4-5p was generated upon introduction of U1-
mir-ad into Dicer knockout cells (Fig. 2G). Consistent with
these biogenesis data, U1-mir-ad was active for target reg-
ulation in Dicer knockout cells, whereas U1-mir-dd was not
(Supplemental Fig. 3A). To our knowledge, this constitutes
the first demonstration of efficient RNase III-independent
miRNA biogenesis and function in metazoan cells.

Finally, comparison of anti-Ago1- and Ago2-immuno-
precipitates (IP) confirmed the distinct properties of the
‘‘dd’’ and ‘‘ad’’ variants. Consistent with the association of
canonical miRNAs (e.g., miR-16) with all mammalian Ago
proteins, mature miR-HSUR4-5p from U1-mir-dd co-IPed
with both Ago1 and Ago2 (Fig. 2H). Both of these mature
miRNAs could also be co-IPed with catalytically inactive
Ago2[D669A]. In contrast, U1-mir-ad matured only within
Ago2-Slicer, as mature miR-HSUR4-5p from this construct
was not detected in Ago1 or Ago2[D669A] (Fig. 2H). Con-
sistent with these data, the regulatory activity of U1-mir-ad
was abolished in Ago2-KO MEFs (Supplemental Fig. 3B). In
summary, we have shown that a short hairpin substrate
driven by the U1 promoter yields a Drosha/Dicer-indepen-
dent, Integrator/Ago2-dependent, miRNA substrate that
can function in target silencing.

RNase III-independent miRNA biogenesis mediated
by RNase Z and Ago2

We explored a second RNase III-independent biogenesis
scheme based on the capacity of RNase Z to cleave 39

products from tRNA precursors. Murine gamma herpesvirus
68 encodes Drosha-independent miRNAs whose precursor
hairpins lie downstream from tRNA transcripts (Bogerd
et al. 2010), and the tRNA-hairpin system can also be used to
express synthetic shRNAs (Scherer et al. 2007). We first
generated a tRNAlys expression construct fused to a canonical

Dicer-dependent (‘‘dd’’) pre-miRNA hairpin programmed
with mature miR-451 (tRNA-mir-dd) (Fig. 3A; Supplemental
Fig. 2). This generated functionally active miRNAs that
could repress both perfect and bulged miR-451 sensors
(Fig. 3B). Its ability to repress the bulged miR-451 sensor
provided evidence for accurate 59 end generation by tRNA-
mir-dd. In fact, this construct was more active on both
sensors than the endogenous human mir-144/451 construct
that we characterized recently (Yang et al. 2010). In contrast
to endogenous mir-451, however, tRNA-mir-dd was not able
to repress its sensor in Dicer knockout cells (Fig. 3C). This
indicated that this construct was truly dependent on Dicer for
its regulatory activity, and could not be compensated for by
potential loading of its pre-miRNA into Argonaute as has
been observed (Diederichs and Haber 2007; Tan et al. 2009).

We then exchanged the Dicer-dependent hairpin for the
endogenous Ago2-dependent (‘‘ad’’) pre-mir-451 hairpin
(Fig. 3A; Supplemental Fig. 2). tRNA-mir-ad repressed
both perfect and bulged target sensors (Fig. 3B) and was
more active on both targets than endogenous mir-144/451,
similar to tRNA-mir-dd. Moreover, tRNA-mir-ad was highly
active in Dicer knockout cells, about threefold more than
endogenous mir-144/451 (Fig. 3C).

We analyzed the biogenesis of tRNA-mir-dd and tRNA-
mir-ad constructs in detail. When assayed in Drosha knock-
out cells that were completely unable to generate canonical
mature miR-142-3p, tRNA-mir-ad were effectively matured
(Fig. 3D). Analysis of Dicer knockout MEFs distinguished
tRNA-mir-dd and tRNA-mir-ad since biogenesis of the
former was dependent on Dicer, whereas the latter was not
(Fig. 3E). The relative accumulation of pre-mir-451-ad versus
its matured miRNAs was decreased in Dicer�/� cells, con-
sistent with the possibility that Dicer-independent hairpins
are processed more efficiently in the absence of a competing
canonical miRNA pathway.

Finally, IP analysis confirmed that mature miR-451 gen-
erated by mir-451-dd accumulated in both Ago1 and Ago2
complexes, whereas mir-451-ad exhibited strictly Ago2-
dependent biogenesis (Fig. 3F). Indeed, pre-mir-451-ad
accumulated exclusively in Ago1 complexes, whereas ma-
ture miR-451 species of <30 nt accumulated exclusively in
Ago2 complexes. Consistent with the notion of Ago2-
dependence, we found that mir-451-ad, similar to mir-
451-dd, were nonfunctional for target regulation in Ago2-
KO MEFs, both on a perfect sensor (Supplemental Fig. 3C)
and an imperfect sensor (Supplemental Fig. 3D).

In summary, diverse cellular ribonucleases can fully bypass
RNase III-type enzymes for efficient miRNA biogenesis in
mammalian cells, via RNA pol-II (snRNA pathway) or
RNA pol-III (tRNA pathway) substrates.

DISCUSSION

In this study, we describe two designed miRNA pathways
that fully bypass both of the RNase III enzymes that are
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generally considered obligate for miRNA biogenesis. These
pathways, which marry either the Integrator complex or
RNase Z with Ago2-slicer activity, are highly efficient at
generating discrete small RNA species with miRNA func-
tionality. While we have not identified endogenous versions
of these substrates, our findings stoke the concept that
additional hybrid biogenesis pathways may await discovery.
It is relevant to appreciate that many technical innovations
in RNA silencing preceded the discovery of naturally occur-
ring counterparts. The discovery of RNAi in C. elegans pre-
ceded the discovery of endogenous RNAi pathways (Fire et al.
1998); transgenic RNAi in Drosophila using long inverted
repeat transgenes (Kennerdell and Carthew 2000) preceded
the recognition of endogenous hairpin RNAs that are pro-
cessed by the RNAi machinery (Czech et al. 2008; Kawamura
et al. 2008; Okamura et al. 2008); tRNA–shRNA fusion con-
structs were developed (Scherer et al. 2007) before endoge-
nous tRNA–miRNAs were characterized (Bogerd et al.
2010), and synthetic shRNAs were used for gene silencing

(Paddison et al. 2002) before endo-shRNAs were discov-
ered (Babiarz et al. 2008). In a similar vein, intron-
interrupted miRNAs were recently found to be functional
in C. elegans (Zhang et al. 2011), although such endogenous
loci remain to be found. We infer that additional exotic small
RNA biogenesis mechanisms await characterization.

The RNase III-independent miRNA biogenesis strategies
that we describe complement existing vectors for expressing
silencing RNAs and may have potential technical advan-
tages, in that they do not compete with the central enzymes
in canonical miRNA biogenesis. In addition, they are endowed
with other advantages of mir-451-type triggers, in that they
do not produce star-strand species and do not populate
nonslicing Ago proteins, both of which contribute to off-
target effects. The recent description of optimal features of
Slicer-mediated small RNA function (Yang et al. 2012) can
be exploited to further increase the efficacy of these novel
silencing triggers. Finally, our demonstration of flexible
strategies for RNase III-independent miRNA biogenesis in

FIGURE 3. Biogenesis and function of a Drosha/Dicer-independent miRNA generated by the tRNA pathway. (A) Design of tRNA–miRNA
fusion constructs in which either a Dicer-dependent (dd) or Ago2-dependent (ad) pre-mir-451 hairpins reside downstream from the RNase Z
cleavage site of a tRNAlys construct; mature miR-451 is represented by the red box. (B) Functionality of mir-451 expression constructs on perfect
(si) and bulged (mi) miR-451 luciferase sensors. Compared with control mir-1-2 construct, the endogenous mir-144/451 and both ‘‘dd’’ and ‘‘ad’’
versions of tRNA-mir-451 fusions could repress these sensors. As expected, repression of the perfect sensor was more efficient with all constructs.
(C) Functionality of miRNA expression constructs in Dicer�/� MEFs. Only Dicer-independent hsa-mir-144/451 and tRNA-451-ad constructs
were functional in this setting. (D) Drosha-independent processing of tRNA-mir-ad. Drosha-fl/fl Cre-ER mouse ES cells were mock-treated (�) or
treated (+) with 4-OH-Tamoxifen (tam) for 72 h, followed by cotransfection of tRNA-mir-ad, mir-142, and EBER1. Only miR-451 derived from
tRNA-mir-ad, but not miR-142-3p, accumulated in Drosha knockout cells. (E) Dicer-independent processing of tRNA-mir-ad. Northern blot
analysis of Hela cells and Dicer�/� MEFs transfected with tRNA-mir-dd or tRNA-mir-ad constructs; mir-375 was cotransfected as a control. (F)
tRNA-mir-ad matures exclusively within Ago2. Northern blot showing coimmunoprecipitation of tRNA-mir-dd or tRNA-mir-ad with control
(IgG), anti-human Ago1 (hAgo1), or anti-human Ago2 (hAgo2).
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present-day metazoan cells may support the notion that
Argonaute-mediated gene silencing could have initially
emerged prior to molecular coupling to RNase III family
enzymes (Halic and Moazed 2010).

MATERIALS AND METHODS

Mirtron expression constructs and sensors

We cloned mirtron constructs by amplifying genomic regions,
including flanking exonic sequences, from HEK 293 genomic
DNA as template. We cloned the products into pcDNA6.2 TA vector
(Invitrogen). The following primers were used for PCR.

clo877f2: AGGTGGTAGCAGATGAGACAC;
clo877r2: CTGGCCAGGGAGACACGCATG;
clo1228f1: GTGCCACCGACTGCAGCAGCTAC;
clo1228r1: TGCAGTGGGTCTCGTCCTCGC.

We used the following primers to generate perfect-matched or
bulged targets of mirtron-derived miRNAs, cloned into psiCHECK2
vector.

877-2si_F: GGCCGCcTGTCCCCTGCGCCATCTCCTCTACtcaaca
atcaccTGTCCCCTGCGCCATCTCCTCTACtG;

877-2si_R: TCGACaGTAGAGGAGATGGCGCAGGGGACAggtgatt
gttgaGTAGAGGAGATGGCGCAGGGGACAgGC;

1228-5p-2si_F: GGCCGCcCACACACCTGCCCCCGCCCACtcaaca
atcaccCACACACCTGCCCCCGCCCACtG;

1228-5p-2si_R: TCGACaGTGGGCGGGGGCAGGTGTGTGggtgatt
gttgaGTGGGCGGGGGCAGGTGTGTGgGC;

1228-3p-2si_F: GGCCGCcTGGGGGGCGAGGCAGGTGTGAtcaacaa
tcaccTGGGGGGCGAGGCAGGTGTGAtG;

1228-3p-2si_R: TCGACaTCACACCTGCCTCGCCCCCCAggtgatt
gttgaTCACACCTGCCTCGCCCCCCAgGC.

U1-mir-HSUR constructs

The plasmid expressing Dicer-dependent hvsA-miR-HSUR4-5p
(U1-mir-dd) (Fig. 2A, upper panel) has been described as U1-
H4DsnRNA (Cazalla et al. 2011). This plasmid was further
modified by site-directed mutagenesis to generate the plasmid
U1-mir-ad (Fig. 2A, lower panel) that expresses hvsA-miR-
HSUR4-5p in an Ago2-dependent manner.

tRNAlys3–miRNA constructs

To generate the tRNA–miRNA constructs (Fig. 2C,D), partially
overlapping DNA oligonucleotides (IDT) were diluted to 10 mM
and used in a standard PCR reaction (20 mL final volume) with
Accuprime Taq HiFi DNA polymerase. Amplicons were gel purified
and used in a ligation reaction with pCR2.1 TA vector (Invitrogen).
Positive clones were verified by sequencing using the M13 forward
and reverse primers. Cloning primers are as follows.

tRNAlys3_451ad_F: GCCCGGATAGCTCAGTCGGTAGAGCATC
AGACTTTTAATCTGAGGGTCCAGGGTTCAAGTCCCTG;

tRNAlys3_451ad_R: AAAAACCATTACCATTACTAAACTCAGT
AATGGTAACGGTTTCGCCCGAACAGGGACTTGAACCC;

tRNAlys3_451dd_5p_F: GCCCGGATAGCTCAGTCGGTAGAGC
ATCAGACTTTTAATCTGAGGGTCCAGGGTTCAAGTCCCT
GTTCGGGC;

tRNAlys3_451dd_5p_R: AAAAACCGTTACCATTACTGAGTTTA
ACTAACTAACTCAGTAATGGTAACGGTTTCGCCCGAACA
GGGACTT.

Other plasmids

We used the following published expression plasmids: pcDNA6-hsa-
mir-144/451 and hsa-mir-375 (Yang et al. 2010, 2011), pcDNA3-pri-
mir-142 (Cazalla et al. 2011) kindly provided by Jan Pawlicki, and
pEBV RIJ expressing EBER 1 (Rosa et al. 1981). A plasmid expressing
human FLAG-Ago1 (Meister et al. 2004) was obtained from Addgene
(plasmid #10820). Plasmids expressing mouse FLAG-Ago2 and
FLAG-Ago2D669A (O’Carroll et al. 2007) were kindly provided by
Donal O’Carroll.

Cell culture and transfections

Mammalian cells were maintained in DMEM 10% FBS with
glutamax supplemented with antibiotics (Invitrogen). Cells were
transfected with Lipofectamine 2000 (Invitrogen) in DMEM 10%
FBS without antibiotics. Transient RNAi knockdown assays were
performed as described (Cazalla et al. 2011). Dicer�/�MEFs (Yang
et al. 2010) and 293T cells were transfected with Lipofectamine
2000, and 48 h later total RNA was isolated and analyzed by
Northern blot. To test dependence on Drosha, we took advantage
of the Drosha[fl/fl] Cre-ER mES cell line (Karginov et al. 2010)
kindly provided by Greg Hannon, in which Drosha can be deleted
upon treatment with 4-Hydroxytamoxifen (‘‘Tam,’’ Sigma). Cells
were either mock-treated or treated with 100 nM 4-Hydroxyta-
moxifen for 3 d and transfected with 0.2 mg of EBER1-expressing
plasmid, 0.8 mg of pCDNA3-pri-miR-142, and 1 mg of either
U1-miR-HSUR4-ad or tRNA-451-ad using Lipofectamine 2000
(Invitrogen). After transfection, cells were further treated with
4-Hydroxytamoxifen. RNA was extracted 48 h later.

Northern blot

Total RNA were extracted with Trizol LS reagent (Invitrogen)
following the manufacturer’s instructions. RNA were separated on
20% urea polyacrylamide denaturing gels (National Diagnostics)
and transfered to GeneScreen Plus nylon membranes (PerkinElmer)
and UV cross-linked (stratalinker). Membranes were hybridized
overnight with [g-32P]labeled DNA oligonucleotides, washed (23

SSC, 0.1% SDS), and then exposed to PhosphorImager screens.
For sequential detection, membranes were stripped in 0.1% boiling
SDS. We used DNA probes complementary to miR-375 TCACGC
GAGCCGAACGAACAAA, miR-451-5p AACTCAGTAATGGTAAC
GGTTT, miR-HSUR4 TTATAGCTGTAGCAACACGGT, hsa-1228-5p
GGGGGGCGAGGCAGGTGTGA, hsa-1228-3p CACACACCTGCCC
CCGCCCAC, hsa-mir-877-5p CCCTGCGCCATCTCCTCTAC, and
U6 ATTTGCGTGTCATCCTTGCGCAG.

Sensor assays

Sensor assays in HeLa cells were performed as described using
luciferase reporters for mir-451 (miR-451-2xsi and miR-451-
4xmi) (Yang et al. 2010). For mir-877 and mir-1228 a modified
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psiCHECK2 vector was used for the cloning of miRNA perfect-
matched targets. The oligonucleotide sequences are listed in
Supplemental Table S1. Cells were seeded in 96-well plates and
were transfected the following day with lipofectamine 2000 follow-
ing the manufacturer’s instructions with slight modification as
follows: 60 ng of DNA were used per well (12 ng of sensor, 48 ng
of microRNA expression vector) with 0.5 mL of lipofectamine
2000. After 48 h, medium was removed and cells were lysed in 13

passive lysis buffer (promega); renilla and firefly activities were
measured with the Dual-glo luciferase assay (Promega).

Sensor assays in 293T cells were performed as described using
luciferase reporters for miR-HSUR4-5p (4xsi) (Cazalla et al. 2011).
293T cells were seeded in 24-well plates and cotransfected the next
day with 1 pg of Luc reporter with four perfectly complementary
sites for hvsA-miR-HSUR4-5p and 800 ng of a plasmid expressing
either Dicer-dependent hvsA-miR-HSUR4-5p (U1-miRHSUR4-dd,
also called U1-H4DsnRNA in Cazalla et al. 2011) or Ago2-de-
pendent hvsA-miR-HSUR4-5p (U1-miR-HSUR4-ad).

Immunoprecipitations

Immunoprecipitations of HeLa cells were performed by growing
cells in 150-mm dishes to confluence, washed once, scraped off in
ice-cold PBS, and collected by centrifugation (500g, 10 min, 4°C).
Cells were lysed in NP40 buffer (50 mM Hepes-KOH at pH 7.5,
150 mM KCl, 2 mM EDTA, 0.5% NP40, 0.5 mM DTT, 13

Complete EDTA free protease inhibitor [Roche]) for 30 min on
ice and the lysates were spun (10 min, 4°, 20,000g). Supernatants
were incubated with Dynabeads protein-G coated with the appro-
priate antibodies for 3 h at 4°C. Anti hAgo2: 11A9 (Sigma-
Aldrich), Anti hAgo1: 4B8 (Sigma-Aldrich), anti mAgo2: 2D4
(Wako). Beads were washed four times in NP40 lysis buffer and
bound ribonucleoprotein complexes were eluted with 300 mM
NaCl and an equal volume of phenol-chloroform-isoamylic acid
solution (Sigma-Aldrich). RNA were then precipitated with ethanol
overnight and pellets were directly resuspended in RNA loading
buffer2 (Ambion).

Immunoprecipitations of 293T cells were performed using ex-
tracts prepared from 5 3 106 293T cells cotransfected 48 h earlier
with 8 mg of a plasmid expressing either FLAG-Ago1, FLAG-Ago2,
or FLAG-Ago2D669A, and 8 mg of either U1-miR-HSUR4-ad or
U1-miR-HSUR4-dd. Anti-FLAG M2 affinity gel (Sigma) was used
for immunoprecipitation (Cazalla et al. 2010). Coimmunopreci-
pitated RNA was extracted from beads with Trizol (Invitrogen)
and analyzed by Northern blot.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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