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Summary

microRNAs (miRNAs) are ~22 nucleotide regulatory RNAs derived from hairpins generated
either by Drosha cleavage (canonical substrates) or by splicing and debranching of short introns
(mirtrons). The 5’ end of the highly conserved Drosophila mirtron-like locus mir-1017 is
coincident with the splice donor, but a substantial “tail”” separates its hairpin from the 3’ splice
acceptor. Genetic and biochemical studies define a biogenesis pathway involving splicing, lariat
debranching, and RNA exosome-mediated “trimming”, followed by conventional dicing and
loading into AGOL1 to yield a miRNA that can repress seed-matched targets. Analysis of cloned
small RNAs yielded six additional candidate 3' tailed mirtrons in D. melanogaster. Altogether,
these data reveal an unexpected role for the exosome in the biogenesis of miRNAs from hybrid
mirtron substrates.

Introduction

Canonical miRNAs derive from primary miRNA (pri-miRNA) transcripts bearing one or
more imperfect hairpins typically ~55-70 nt in length. In animals, pri-miRNAs are cleaved
by the nuclear Drosha RNase 111 enzyme to release pre-miRNA hairpins, which are cleaved
by the cytoplasmic Dicer RNase 11 enzyme to generate miRNA/MiRNA* duplexes (Kim et
al., 2009). One strand is preferentially selected for incorporation into an Argonaute complex,
which uses the miRNA as a guide to identify mRNA targets for degradation and/or
translational inhibition (Filipowicz et al., 2008). Animal miRNAs usually target partially
complementary mRNAs, often involving 7 nt of Watson-Crick basepairing to positions 2-8
of the miRNA (the “seed”) (Bartel, 2009; Brennecke et al., 2005; Lai, 2002).

The repertoire of miRNA-class regulatory RNAs was expanded by the discovery of short
hairpin introns known as mirtrons (Okamura et al., 2007; Ruby et al., 2007a). Mirtrons
bypass Drosha cleavage by exploiting the spliceosome to generate their precursor ends.
Following lariat debranching, linearized mirtrons adopt hairpin structures that are diced and
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loaded into Argonaute proteins as functional miRNAs. While best characterized in
Drosophila, mirtrons exist in species as diverse as nematodes (Ruby et al., 2007a), mammals
(Babiarz et al., 2008; Berezikov et al., 2007), avians (Glazov et al., 2008), and potentially
plants (Zhu et al., 2008).

In the atypical Drosophila mirtron-like locus (mir-1017), only the 5" hairpin terminus
coincides with a splice junction; a substantial 3’ tail follows to its 3’ splice junction (Ruby et
al., 2007a). We provide genetic and biochemical evidence that mir-1017 generates a
miRNA-class regulatory RNA via a multistep process involving intron splicing and
debranching, exosome-mediated trimming of the 3’ tail, and dicing. Analysis of Drosophila
small RNA data revealed additional intronic hairpins bearing 3’ tails that are processed into
miRNA/miRNA* duplexes, revealing a subfamily of miRNAs that transit an exosome-
mediated biogenesis pathway.

The tailed mirtron mir-1017 encodes a functional miRNA-class regulatory RNA

mir-1017 is located in an intron of the nicotinic acetylcholine receptor alpha subunit gene at
96AB (nAchRalpha-96Ab), previously known as the Da2 subunit (Bossy et al., 1988). This
locus was annotated, on the basis of ~150 small RNA reads, as a mirtron-like precursor for
which only the 5’ hairpin end coincides with a splice junction; a ~100 nt extension ensues
before the 3’ splice site (Ruby et al., 2007a). Small RNA data from male heads (Chung et al.,
2008) containing ~6000 reads for mature miR-1017 now revealed 14 miR-1017* reads,
which initiated precisely with the 5’ splice donor sequence. Together with mature miR-1017,
these adopted a typical miRNA duplex exhibiting 3" overhangs (Figure 1A). These features
were consistent with its biogenesis via a splicing- and dicing-dependent mechanism.

mir-1017 has been highly conserved across the 12 sequenced Drosophila species (Figure
1A), and its evolutionary profile follows the characteristic evolutionary pattern for
conserved canonical miRNA and mirtron genes (Lai et al., 2003; Okamura et al., 2007).
Specifically, its terminal loop is much more divergent than the stem, and the miRNA* is
slightly less conserved than the mature miRNA. Pre-miRNA hairpins typically exhibit
conservation in flanking 5’ and 3’ sequence, since these mediate accurate Drosha processing
(in the case of canonical mMiRNAs) (Han et al., 2006) or have protein-coding potential (in the
case of mirtrons). In contrast, the intronic sequence immediately downstream of the pre-
mir-1017 hairpin has diverged substantially (Figure 1A), and no potential “AG” splice
acceptor exists until the conserved, constitutive, intron-exon junction ~100 nt downstream.
Developmental Northern analysis detected miR-1017 only in adult heads (Figure 1B),
consistent with head-specific expression of its host gene (http://www.flyatlas.org). This
implied that expression of miR-1017 is coupled to transcription of Da2.

TargetScan (http://www.targetscan.org/) predicted the Ets-domain transcription factor
encoded by anterior open/yan as a likely target of miR-1017. The yan 3’ UTR contains a
miR-1017 8mer site (2—-8 seed pairing+t1A) perfectly conserved across all 12 sequenced
Drosophilids, and a “2-8” 7mer site conserved across 9 species (Figure 1C). We used an in
vivo sensor assay (Stark et al., 2003) to ask whether miR-1017 could repress via the yan 3’
UTR (Li and Carthew, 2005). While activation of UAS-DsRed-mir-1017 using ptc-Gal4 did
not affect a tub-GFP control transgene, it specifically and robustly repressed a tub-GFP-yan
3’ UTR transgene (Figure 1D). We confirmed the ability of mir-1017 to inhibit a renilla
luciferase-yan 3" UTR sensor in transfected S2R+ cells, which do not express miR-1017
endogenously (Supplementary Figure 1). This was due directly to the miR-1017 seed
matches, since mutation of these sites in yan abrogated repression (Supplementary Figure 1).
Therefore, miR-1017 exhibits typical miRNA activity in both S2 cells and in the animal.
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Sequence requirements for the biogenesis of 3' tailed mirtrons

We used structure-function studies to probe mir-1017 biogenesis (Figure 2A). The pri-
mir-1017 intron tail has incurred abundant nucleotide changes, insertions, and deletions
during Drosophilid radiation (Figure 1A), suggesting that substantial flexibility in “tail”
sequence is compatible with access to the miRNA pathway. To verify this, we compared
UAS-DsRed constructs carrying ~500 bp minigenes centered on the mir-1017 intron from
Drosophila melanogaster (Dme), Drosphila simulans (Dsi) and Drosophila mojavensis
(Dmo) in S2R+ cells. All three yielded mature miR-1017 (Figure 2B), verifying that
different tailing sequences are compatible with trimming of pri-mir-1017. On the other
hand, pri-mir-1017 definitively requires splicing, since point mutation of the 5’ splice site
(Figure 2A, “mir-1017 5'ssMut™) abolished the appearance of all intermediate and mature
forms of miR-1017 (Figure 2B). The splice-site mutant generated similar levels of DsRed as
wild-type constructs, indicating normal expression (Supplementary Figure 2A).

To assess a potential intrinsic requirement for the mir-1017 hairpin itself, we exchanged it
for the mir-1010 mirtron hairpin (“mir-1010-tailed”) in the context of the mir-1017 intron;
the endogenous 3’ splice site of mir-1010 was mutated to force usage of the Da2/mir-1017
splice site. As with the normal mir-1010 construct (Okamura et al., 2007), the tailed variant
supported the production of mature miR-1010 (Figure 2C). Therefore, access to the tailed
mirtron biogenesis pathway is portable to synthetic substrates.

We inferred that after splicing, the tailed region following the mir-1017 hairpin must be
removed by endonucleolytic or exonucleolytic cleavage. Putative 3’ end processing was
consistent with the relatively imprecisely defined 3’ ends of cloned miR-1017 reads (Figure
1A). To examine this further, we inserted a dozen guanine residues into the dme-mir-1017
construct (Figure 2A); such a poly-G tract was previously used to block exonuclease
processing (Anderson and Parker, 1998). We inserted the poly-G tract 20nt upstream of the
3’ splice site (G157 intron), and made a control insertion 30 nt downstream of the 3’ splice site
(G12 exon). Placement of G4, into the intron, 80 nt downstream of the mir-1017 hairpin,
severely disturbed the accumulation of hairpin and mature forms of mir-1017 (Figure 2D).
In contrast, insertion of G4, into the 3" exon did not interfere with mir-1017 biogenesis. rt-
PCR confirmed effective splicing of both G4, intron and G4, exon variants, although both
accumulated slightly more unspliced product relative to wildtype (Supplementary Figure
2B). The observation that the spliced pri-mir-1017-G1, intron was barely able to generate
pre-miRNA hairpin, and produced almost no mature miRNA, implied that removal of the
mir-1017 “tail” depends on exonuclease activity.

Biogenesis of tailed mirtrons requires components of the mirtron pathway

To determine specific factors involved in miR-1017 biogenesis, we depleted members of the
miRNA/mirtron pathways from S2R+ cells and then co-transfected them with ub-Gal4 and
UAS-DsRed-mir-1017 (Figure 3A). Harvested RNAs were subjected to Northern blotting
with antisense probes to miR-1017, miR-276a (a canonical miRNA) and 2S rRNA as a
control; knockdown efficiency was determined by gRT-PCR (Supplementary Figure 3A).

The biogenesis of miR-1017 exhibited hallmarks of a conventional mirtron, in that it was
clearly dependent on Ldbr but was little affected by Drosha/Pasha knockdown (Figure 3A).
In addition to a 2-fold decrease in mature miR-1017, Ldbr knockdown cells accumulated
several putatively branched intermediates (Figure 3A, top blot). Analysis of 16%, 12% and
8% PAGE revealed three species with variable mobility upon Ldbr depletion
(Supplementary Figure 4), indicating their non-linear structure. Along with the splice site
mutant test (Figure 2), these data confirmed the biogenesis of miR-1017 via a genuine
mirtron pathway. However, mir-1017 biogenesis merged with the canonical miRNA
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pathway, since it required Dicer-1 and AGO1 (Figure 3A). These characteristics confirmed
the classification of 3’ tailed mirtron products as genuine miRNAs.

Trimming of tailed-mirtrons is mediated by the RNA exosome

An attractive candidate to remove the mir-1017 tail is the RNA exosome, a multisubunit
complex that serves as the major 3'-5’ exonuclease for RNA turnover in eukaryotic cells
(Houseley et al., 2006). This multisubunit complex degrades or processes substrates via Dis3
(Rrp44), a processive 3' to 5’ exoribonuclease, and Rrp6, a distributive 3' to 5’
exoribonuclease. While Dis3 is a core constituent of both nuclear and cytoplasmic forms of
the exosome, Rrp6 is believed to be specific to the nuclear exosome.

To test the requirement for the exosome in maturation of miR-1017, we depleted a panel of
exosome subunits using dSRNAs to rrp6, dis3, mtr3, and rrp45 (Supplementary Figure 3A).
We also observed accumulation of precursor rRNA with all exosome subunits excepting
Rrp45 (Supplementary Figure 3B), providing additional evidence for functional exosome
loss. Mature miR-1017 was reproducibly reduced in cells depleted of any of the four
exosome subunits (Figure 3B), under conditions in which the accumulation of endogenous
miR-276a (Figure 3B) and bantam miRNA (data not shown) were barely affected. The data
from five independent knockdown experiments were quantified in Figure 3C. We also
excluded that the knockdown conditions interfered with transcription and splicing across the
mir-1017 host intron, since rt-PCR using primers in the flanking exons revealed similar
amounts of unspliced and spliced products in cells treated with GFP or exosome dsRNAs
(Figure 3B, bottom).

Treatment with exosome dsRNAs resulted in accumulation of full-length pri-mir-1017
intron (Figure 3B, top blot). The absolute amount of untrimmed intron was somewhat
variable, and this may be due to variable amounts of residual exosome proteins in these
knockdowns, which were not tolerated as well as other dsSRNA incubations. However,
quantification of the ratio of pre-mir-1017 hairpin to full-length pri-mir-1017 intron across
multiple independent knockdowns demonstrated highly reproducible defects in the
conversion of the linearized full-length intron into the pre-miRNA hairpin, upon depletion of
any of the four exosome subunits (Figure 3D).

In vitro reconstitution of the 3’ tail trimming reaction

The extent of exosome- and Rrp6-mediated decay can be modulated by substrate structure
(Liu et al., 2006), consistent with their characterized roles in maturing the 3’ ends of
structured RNAS such as rRNAs, snRNAs and snoRNAs (Allmang et al., 1999). We
hypothesized that the structure of the pre-miRNA hairpin embedded in the tailed mirtron
precursor might permit its release from an engaged exosome, and sought to test this in vitro.
To date, active 11-subunit RNA exosome holoenzyme (Exol11) has only been successfully
reconstituted using purified components from S. cerevisiae (Liu et al., 2006). Nevertheless,
given the highly conserved nature of the RNA exosome, we considered this to be a relevant
experimental system.

We incubated purified, reconstituted yExo11 (Greimann and Lima, 2008) with full-length
pri-mir-1017 intron produced by in vitro transcription, and analyzed products using SYBR
Gold staining. These reactions yielded relatively stable accumulation of a ~70 nt
intermediate corresponding to the pre-mir-1017 hairpin (Figure 3E). We obtained similar
results in reactions with purified yRrp6 (Figure 3F). In contrast, purified yExo10, the
cytoplasmic exosome complex containing Dis3 ribonuclease but lacking Rrp6, was unable
to process the pri-mir-1017 intron (Figure 3G). Using aliquots from the same exosome
preparations used for mir-1017 tests, we demonstrated all three purified complexes to have
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exoribonuclease activity using a control RNA substrate (Liu et al., 2006) (Supplementary
Figure 5).

Northern analysis of the 0’ and 160’ yExo11 reactions with full length pri-mir-1017 intron
showed that its product comigrated with the hairpin produced by in vivo processed UAS-
DsRed-mir-1017 (Figure 3H). The liberation of a pre-miRNA-like hairpin, following
digestion of the debranched tailed mirtron, illustrates how pre-mir-1017 avoids degradation
during exosome-mediated biogenesis. As Rrp6 was necessary (as judged by comparing
yEx010 and yExo11 reactions) and sufficient for removal of the pri-mir-1017 intron tail, we
infer that trimming in vivo normally occurs in the nucleus and likely involves an Rrp6-
containing exosome. However, we do not exclude the possibility of a handoff between
different exosome complexes in vivo, or the possibility that Rrp6 operates alone during
some aspect of miR-1017 maturation.

Genome survey for other Drosophila tailed mirtrons

We recently annotated the second intron of CG7927/mir-2501 as containing a mirtron
(Berezikov et al., 2010); however, reconsideration of this locus indicated a 4-5 nt tail from
the end of the 3p cloned read to the splice acceptor (Supplementary Figure 6). Since this tail
should be removed for the hairpin to serve as an Exportin-5 substrate (Okada et al., 2009),
we believe that this is also a tailed mirtron locus. We searched for other loci using a
collection of ~15 million Drosophila short RNA sequences (Chung et al., 2008; Ruby et al.,
2007b). We mapped reads to introns <200 nt in length, and generated candidate RNA folds.
We then asked if any loci satisfied the criteria of having a hairpin at one end of the intron,
for which >20 cloned short RNAs mapped to both arms of the hairpin as a duplex with 3’
overhangs. The most highly expressed locus was mir-1017, but six other loci generated 25—
150 reads and warranted classification as tailed mirtrons (Figure 4 and Supplementary
Figure 6). These loci are modestly expressed compared to miR-1017, and it is possible that
they are less effective substrates of the tailed mirtron pathway. Nevertheless, the recovery of
miRNA and miRNA* reads indicates their relatively specific processing by a Dicer enzyme
(Chiang et al., 2010).

Curiously, while our survey was open to the potential derivation of hairpins from either 5" or
3" intron ends, all of the loci that we recovered exhibited 3’ tails. mir-1017 proved to have
the longest 3’ tail (~100 nt), followed by mlc-c/mir-3645 (45 nt); the remainder had ~10 nt
tails (CG18815/mir-3642 and CG6370/mir-3643) or 4-6 nt tails (CG3630/mir-3641,
CG7927/mir-2501, and CG6752/mir-3644). Even with the shorter tails, the miRNA/
miRNA* duplexes terminate upstream of the 3’ splice site, indicative of a trimming reaction
preceding their dicing. These data provide evidence for a family of exosome-processed
mirtrons in Drosophila.

Discussion

Diverse pathways generate Dicer substrates and miRNA-class regulatory RNAs

We showed that a subset of Drosophila mirtrons encode a terminal extension 3’ of the pre-
miRNA hairpin, which is “trimmed” by the RNA exosome (Figure 4). Otherwise, tailed
mirtrons are similar to conventional mirtrons in that they bypass the Microprocessor by
accessing the splicing and debranching pathway (Figure 4). Most of our studies focused on
the 3’ tailed mirtron mir-1017, which is strictly conserved across Drosophilid evolution and
regulates conserved target genes including yan. We also identified more recently-evolved
substrates that appear to access the 3' tailed mirtron pathway. Currently, we and others
annotated 151 canonical miRNAs, 18 conventional mirtrons and 7 tailed mirtrons in
Drosophila melanogaster (Berezikov et al., 2010;Ruby et al., 2007a;Ruby et al.,

Mol Cell. Author manuscript; available in PMC 2011 June 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Flynt et al.

Page 6

2007b;Sandmann and Cohen, 2007;Stark et al., 2007). We envision the conventional mirtron
pathway as an “add-on” to the canonical miRNA pathway, in which splicing has evolved to
generate substrates that exploit a pre-existing canonical pathway. Similarly, we hypothesize
that the tailed mirtron pathway represents an “add-on” to the conventional mirtron pathway,
whereby the RNA exosome has been recruited to permit access of an asymmetric mirtron
into the canonical miRNA pathway.

The RNA exosome is well known for its role in the turnover of normal mRNAs and
abnormal transcripts. However, this study provides additional evidence for positive roles of
the exosome in the biogenesis of non-coding RNAs. In previous studies, the exosome was
shown to be required for maturation of rRNA, snRNAs and snoRNAs through 3'-5’
trimming of terminal nucleotides. Thus, the consequence of blocking exosome processing of
these substrates is the retention of undesired 3’ nucleotides (Allmang et al., 1999). The role
of the exosome in biogenesis of 3’ tailed mirtrons is distinct in that substrate trimming is
prerequisite for subsequent steps in substrate metabolism. In this sense it is reminiscent of
processing of yeast 5.8S rRNA, which involves consecutive exonucleolytic processing
reactions by the exosome followed by the Rex proteins (van Hoof et al., 2000). Our
evidence that 3’ trimming is mediated by the nuclear Exo11 complex via Rrp6 (Figure 3E,
F) suggests that the trimming and dicing reactions are compartmentalized in the cell.
Removal of the 3’ tail may be requisite for efficient export by Exportin-5, which is selective
for hairpins with a short 3’ overhang (Okada et al., 2009).

Other non-canonical substrates generate miRNA-class regulatory RNAs, including certain
snoRNAs (Ender et al., 2008) and tRNA (Babiarz et al., 2008). More recently, a viral tRNA/
miRNA fusion was found to use tRNaseZ to liberate a pre-miRNA hairpin (Bogerd et al.,
2010). In addition, siRNA-class regulatory RNAs derive from other classes of inverted
repeat transcripts, such as hairpin RNAs and endo-shRNAs (Babiarz et al., 2008; Czech et
al., 2008; Kawamura et al., 2008; Okamura et al., 2008b). Finally, a variety of trans-encoded
substrates, generating either perfect or imperfect dSRNA, access Dicer pathways to generate
endo-siRNAs in Drosophila (Chung et al., 2008; Czech et al., 2008; Ghildiyal et al., 2008;
Kawamura et al., 2008; Okamura et al., 2008a; Okamura and Lai, 2008) and mammals
(Babiarz et al., 2008; Tam et al., 2008; Watanabe et al., 2008). Altogether, a multitude of
biogenesis pathways have emanated from the simple building blocks of cis- or trans-
encoded dsRNA and a Dicer-class enzyme to generate diverse regulatory RNAs (Okamura
et al., 2008c).

Experimental Procedures

We used previously published methods for knockdowns, transfections and Northern analysis
(Okamura et al., 2007), exosome analysis (Greimann and Lima, 2008), and Drosophila
immunohistochemistry (Lai and Rubin, 2001). A detailed description of the experimental
methods, along with all of the primer sequences used for cloning or hybridization, are found
in the Supplementary Text.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Drosophila mir-1017 , a tailed mirtron locus. (A) Alignment of the exon 4-5 region of
nAchalpha-96Ab across 12 Drosophilids (http://ucsc.genome.org). The pre-miRNA hairpin
embedded at the 5" end of the intron follows the characteristic pattern of miRNA evolution
in that the hairpin arms are much more conserved than the terminal loop; the miRNA* arm
is also slightly more diverged than the miRNA-encoding arm. A ~100 nt tail lacking
sequence constraint separates the 3’ end of the hairpin from the 3’ splice acceptor site. Small
RNA data from male heads revealed that miR-1017* reads (blue) initiate precisely with the
5’ splice donor, and together with its partner miR-1017 (red) form a typical miRNA/
miRNA* duplex with 3" overhangs (inset; the asterisk denotes most frequent 3p read
terminus). (B) Northern analysis indicates the specific accumulation of mature miR-1017 in
adult heads. (C) Conservation of two miR-1017 seed matches in the yan 3' UTR. (D) Sensor
assay for miRNA-type target repression by miR-1017. Shown are wing pouches of third
instar wing imaginal discs bearing ptc-Gal4, UAS-DsRed-mir-1017, and either tub-GFP
(above) or tub-GFP-yan 3" UTR (below). DsRed fluorescence marks the domain of
miR-1017 activity while the center panels show GFP staining; merged channels are shown
to the right. Ectopic miR-1017 did not affect the control sensor but robustly and specifically
repressed the GFP-yan 3’ UTR sensor (asterisk).
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Figure 2.
Structure-function analysis of tailed mirtron substrates. These panels depict Northern

analysis of S2R+ cells transfected with ub-Gal4 and UAS-DsRed-mir-1017 or mir-1010
constructs. (A) Constructs used in these tests. Wild-type mir-1017 plasmids contained ~500
bp including endogenous flanking exons from D. melanogaster (Dme), D. simulans (Dsi)
and D. mojavensis (Dmo); a Dme 5’ splice site mutant was generated in this context. The
“mir-1010" construct expresses this mirtron from a 500 bp context, while the “mir-1010
tailed” construct contains a point mutation in its endogenous 3’ splice acceptor, fused to the
mir-1017 intron tail. The last constructs contain 12 guanine residues inserted into the intron
or exon of pri-mir-1017. (B) Constructs derived from all three species yielded mature
miR-1017. Mutation of the GU 5’ splice donor to “CC” abolished the production of all
intermediate and mature Dme miR-1017 products. (C) The conventional mir-1010 mirtron
can be converted into a functional tailed mirtron. (D) Insertion of Gy, into the mir-1017
intron interferes with generation of the pre-miRNA hairpin and mature product, but
biogenesis is unaffected when G1, was inserted into exon sequence. In this experiment,
mir-1017 and mir-1010 plasmids were cotransfected and production of mature miR-1010
was assayed as a blotting control; other experiments assayed 30 nt 2S rRNA hybridization.
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Figure 3.
Unique biogenesis of tailed mirtrons via an exosome-mediated pathway. (A) Depletion of
Drosha and pasha in S2 cells reduced mature miR-276a but not miR-1017. Conversely,
miR-1017 was highly sensitive to loss of lariat debranching enzyme (Ldbr); these cells
accumulate branched intermediates (see also Supplementary Figure 4). Knockdown of
Dicer-1 reduced the level of mature miR-1017 and miR-276a, and knockdown of AGO1
nearly eliminated these species. (B) Mature miR-1017 was reduced relative to miR-276a
upon depletion of the rrp6, dis3, mtr3, and rrp45, while its full-length intron accumulated.
rt-PCR across flanking exons indicated that exosome depletion did not alter transcription or
splicing of pri-mir-1017. (C) miR-1017 was selectively depleted relative to miR-276a in
exosome knockdown cells. Ratio of mature miR-1017 relative to miR-276a were normalized
to their ratio in GFP knockdown cells. Standard error is shown; all differences in exosome
knockdown cells were significant to <0.001 by pairwise T-test. (D) Accumulation of full-
length pri-mir-1017 intron in exosome knockdown cells; all differences were significant to
<0.025 by pairwise T-test. These graphs summarize data from 5 independent knockdown
samples analyzed by Northern blot; error bars indicate standard error. (E-H) Full length in
vitro transcribed mir-1017 intron was incubated with reconstituted 11-subunit yeast nuclear
exosome holoenzyme (yExo11), yRrp6 alone, or 10-subunit yeast cytoplasmic exosome
lackng yRrp6 (yEx010). Timecourse assays reveal the conversion of the full length substrate
(arrowhead) into a relatively stable hairpin product (arrow), here detected with SYBR Gold
staining of yExo11 (E) and yRrp6 (F) reactions. yExo010 failed to process the mir-1017
intron (G), but was active on other substrates (Supplementary Figure 5). (H) The yExo11-
trimmed product co-migrates with in vivo processed mir-1017 pre-miRNA hairpin, as
assayed by Northern blot; “M”, RNA size markers. The full-length 169 nt intron migrated
slightly differently in this experiment than in panel 3B; see also Supplementary Figure 4.
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Pathways that generate miRNA-class regulatory RNAs from short hairpins in Drosophila. In
the canonical pathway, the RNase 111 enzyme Drosha “crops” a primary miRNA transcript
to release the pre-miRNA. In the conventional mirtron pathway, the splicing complex
liberates short hairpin introns from protein-coding genes. Following their linearization by
lariat debranching enzyme (Ldbr), these can fold into pre-miRNA mimics. In the 3’ tailed
mirtron pathway, a 3' tail separates the hairpin from the 3’ splice acceptor site. These require
Ldbr and the RNA exosome to remove the 3’ tail up to the hairpin, yielding the pre-miRNA.
In all cases, pre-miRNA hairpins are cleaved by the cytoplasmic RNase I11 Dicer-1 to yield
miRNA/miRNA* duplexes. One strand is predominantly selected for incorporation into an
AGO1 complex to repress seed-matched targets. At the bottom are additional examples of
D. melanogaster tailed mirtrons whose inferred trimmed tails are highlighted green (see also
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Supplementary Figure 6). Note that the precise terminal loop of the CG18815_in4/mir-3642
tailed mirtron was also cloned (yellow), providing additional evidence for Dicer cleavage.
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