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Abstract
microRNAs (miRNAs) are a class of endogenous regulatory RNAs that play a key role in

myriad biological processes. Upon transcription, primary miRNA transcripts are sequentially

processed by Drosha and Dicer ribonucleases into ~22–24 nt miRNAs. Subsequently,

miRNAs are incorporated into the RNA-induced silencing complexes (RISCs) that contain

Argonaute (AGO) family proteins and guide RISC to target RNAs via complementary base

pairing, leading to post-transcriptional gene silencing by a combination of translation inhibi-

tion and mRNA destabilization. Select pre-mRNA splicing factors have been implicated in

small RNA-mediated gene silencing pathways in fission yeast, worms, flies and mammals,

but the underlying molecular mechanisms are not well understood. Here, we show that

SmD1, a core component of the Drosophila small nuclear ribonucleoprotein particle

(snRNP) implicated in splicing, is required for miRNA biogenesis and function. SmD1 inter-

acts with both the microprocessor component Pasha and pri-miRNAs, and is indispensable

for optimal miRNA biogenesis. Depletion of SmD1 impairs the assembly and function of the

miRISC without significantly affecting the expression of major canonical miRNA pathway

components. Moreover, SmD1 physically and functionally associates with components of

the miRISC, including AGO1 and GW182. Notably, miRNA defects resulting from SmD1

silencing can be uncoupled from defects in pre-mRNA splicing, and the miRNA and splicing

machineries are physically and functionally distinct entities. Finally, photoactivatable-ribo-

nucleoside-enhanced crosslinking and immunoprecipitation (PAR-CLIP) analysis identifies

numerous SmD1-binding events across the transcriptome and reveals direct SmD1-miRNA

interactions. Our study suggests that SmD1 plays a direct role in miRNA-mediated gene

silencing independently of its pre-mRNA splicing activity and indicates that the dual roles of

splicing factors in post-transcriptional gene regulation may be evolutionarily widespread.
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Author Summary

microRNAs (miRNAs) are a class of small regulatory RNAs that fine-tune gene expression
by reducing protein output from their target messenger RNAs and are implicated in myr-
iad physiological and pathological processes. miRNAs are generated from long primary
transcripts via sequential actions of the Drosha/Pasha and Dicer ribonucleases. Mature
miRNAs are incorporated into the miRISC effector complexes that contain AGO family
member proteins and serve as specificity determinants to guide miRISCs to their target
RNAs. Previous studies suggested that select proteins implicated in the processing of mes-
senger RNAs are required for the miRNA production/function, but the underlying molec-
ular mechanism is not well understood. Here we show that SmD1, an essential protein
implicated in the processing of messenger RNAs, directly interacts with both Pasha and
primary miRNA transcripts and is required for optimal miRNA production. Furthermore,
SmD1 associates with multiple components of the miRNA effector machinery and is
required for miRNA function. Finally, our analysis reveals that defects in the miRNA path-
way can be uncoupled from those in messenger RNA processing, and that the miRNA bio-
genesis and messenger RNA processing machineries are physically and functionally
distinct entities. Our data thus suggests that SmD1 modulates the miRNA pathway inde-
pendent of its role in messenger RNA processing.

Introduction
miRNAs are a class of ~22–24 nt endogenous regulatory RNAs present in all cell types of mul-
ticellular organisms [1,2]. By regulating the expression of diverse target RNAs, miRNAs play a
key role in myriad biological processes including development, homeostasis, and innate immu-
nity. In Drosophila, canonical miRNA biogenesis starts with RNA polymerase II-mediated
transcription of long stem-loop primary miRNA transcripts (pri-miRNAs). They are processed
in the nucleus by the Drosha/Pasha ribonuclease III (RNase III) microprocessor complex into
~60–70 nt precursor miRNAs (pre-miRNAs), via a reaction referred to as cropping [3,4,5].
Precursor miRNAs are subsequently exported to the cytoplasm by Exportin5/Ran-GTP and
further processed in a dicing reaction by a second RNase III complex, the Dicer 1 (Dcr-1)/
Loqs-PB complex, thereby liberating ~22–24 nt miRNA duplexes [6,7,8,9,10,11,12]. The
mature miRNA strand of the duplex is predominantly incorporated into Argonaute 1 (AGO1)-
containing miRNA-induced silencing complexes (miRISC). miRISC in turn engages target
mRNAs via complementary base pairing between the seed region of miRNAs (positions 2–8)
and miRNA-binding sites (primarily in the 3’UTR of target mRNAs), and represses gene
expression post-transcriptionally by promoting target mRNA destabilization and/or transla-
tion inhibition [13,14,15,16,17,18].

Over a decade of investigation has identified a collection of core components of the miRNA
biogenesis and functional machineries, and delineated the framework of the molecular mecha-
nism underlying the miRNA pathway. However, our knowledge of the miRNA pathways is far
from complete, and many accessory factors that modulate miRNA biology await identification
and functional characterization. A number of recent studies highlight extensive crosstalk
between pre-mRNA splicing and small RNA-mediated gene silencing pathways. For example,
the core RISC component AGO2 has been implicated in modulating pre-mRNA splicing both
in mammals and in Drosophila [19,20]. Conversely, select splicing factors have been shown to
impact small RNA-mediated gene silencing pathways. It has been reported that mutations in
genes encoding a subset of splicing factors compromise RNAi in the fission yeast

SmD1Modulates the miRNA Pathway

PLOS Genetics | DOI:10.1371/journal.pgen.1005475 August 26, 2015 2 / 23



Schizosaccharomyces pombe [21], and that in plants, mutations in splicing factor genes com-
promise small RNA biogenesis [22]. In addition, the multifunctional human RNA-binding
protein hnRNP A1, which regulates alternative splicing, impacts the processing ofmiR-18a
and let-7a [23,24]. Furthermore, the KH-type splicing regulatory protein (KSRP) has been
shown to positively regulate the biogenesis ofmiR-155 and let-7 [25,26]. Moreover, genome-
wide RNAi screens conducted in C. elegans and cultured Drosophila cells show that depletion
of certain splicing factors compromises RNAi [27,28,29]. Finally, a recent analysis of phyloge-
netic conservation of candidate RNAi factors suggests that select splicing factors are required
for small RNA-mediated gene silencing [30].

SmD1, together with six other small ribonucleoprotein particle (snRNP) proteins (SmB,
SmD2, SmD3, SmE, SmF and SmG), form a heptameric ring structure surrounding the U-rich
small nuclear RNAs (snRNAs) [31]. These snRNP proteins constitute core components of the
snRNP and play a key role in pre-mRNA splicing [32]. We recently showed that SmD1 deple-
tion in cultured Drosophila cells compromises small interfering RNA (siRNA) biogenesis and
function independently of its role in pre-mRNA splicing [33]. In the current study, we investi-
gate the role of SmD1 in the miRNA pathway. We find that SmD1 depletion leads to a reduc-
tion in levels of mature miRNAs, which is accompanied by a derepression of the
corresponding target messenger RNAs and a concomitant accumulation of primary miRNA
transcripts. In addition, SmD1 associates with the microprocessor component Pasha and is
required for optimal microprocessor activity. In contrast, SmD1 is dispensable for Dicer-medi-
ated processing of pre-miRNAs into mature miRNAs. Furthermore, our analysis reveals that
SmD1 is required for miRNA function besides its role in miRNA biogenesis. Specifically,
SmD1 associates with the miRISC components AGO1 and GW182, and is required for optimal
miRISC function. Moreover, we show that select splicing factors such as SmD1, but not pre-
mRNA splicing per se, modulate the miRNA pathway, as defects in miRNA biogenesis and
in pre-mRNA splicing can be uncoupled, and that SmD1 inactivation does not affect the
expression of canonical miRNA pathway components. Finally, PAR-CLIP analysis identifies
numerous SmD1-binding events across the transcriptome and reveals direct SmD1-miRNA
interactions. Taken together, our study identifies SmD1 as a new modulator of the miRNA
pathway at multiple levels, and provides direct evidence to support and extend the notion that
select splicing factors are critical modulators of small RNA pathways in complex multicellular
organisms, beyond the context of the spliceosome.

Results

SmD1 is required for miRNA biogenesis and/or stability
We first examined small RNA expression profiles in control S2 cells or cells depleted of Drosha,
Dcr-2 or SmD1 (Fig 1A and S1 Table). As expected, compared with control samples, depletion
of Drosha led to a reduction in the proportion of miRNAs in the total small RNA population.
As a consequence, the proportions of all classes of endogenous siRNAs expanded, including
those derived from the Flock House Virus (FHV), transposable element (TE), convergently
transcribed RNAs (cis-NAT) and hpRNAs. In contrast, depletion of the siRNA biogenesis
enzyme Dcr-2 caused the opposite phenotype. Notably, SmD1 knockdown led to a shrinkage
of the miRNA population and an artificial expansion of endo-siRNAs. Considering our previ-
ous findings showing that SmD1 is required for siRNA biogenesis and SmD1 depletion led to a
reduction in levels of endo-siRNAs [33], our data strongly suggest that SmD1 depletion can
cause a comparable or even stronger degree of reduction in levels of miRNAs than in levels of
siRNAs. To test this directly, we measured levels of endogenous siRNAs and miRNAs by
Northern blot in SmD1 knockdown cells. Consistent with our recent finding [33], SmD1
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depletion led to a marked decrease in levels of the endogenous siRNA esi-2.1 (Fig 1B and 1E).
Importantly, levels of several miRNAs, includingmiR-33,miR-34,miR-276a,miR-317,miR-2b,
miR-184 andmiR-bantam, were significantly reduced upon SmD1 knockdown (Fig 1B–1G),
reminiscent of the phenotype elicited by the loss of the canonical miRNA biogenesis enzyme
Drosha. As a negative control, depleting canonical siRNA pathway components such as Dcr-2
or AGO2 predominantly affected levels of esi-2.1, but not miRNAs (Fig 1B–1E). To rule out
potential off-target effects associated with dsRNAs, we tested an independent dsRNA against
SmD1 and observed a similar impact on small RNA levels (S1 Fig). We also detected a signifi-
cant increase in steady-state levels of a subset of target mRNAs for several miRNAs implicated
in cell proliferation and apoptosis (Reaper, E2f1 and Socs36E as targets formiR-2b,miR-184
andmiR-bantam, respectively) (Fig 1H) [34,35], consistent with the notion that miRNAs
repress target gene expression by inhibiting mRNA translation and promoting target mRNA
decay. We conclude that SmD1 is required for optimal miRNA biogenesis and/or stability.

Besides the afore-mentioned miRNAs, which are constitutively expressed in S2 cells, we also
examined levels of the miRNA let-7, which is not expressed in naïve S2 cells but becomes highly
induced upon treatment with 20-hydroxyecdysone (20-E) [36]. We detected lower levels of let-
7 in SmD1-depleted cells (S2 Fig). These data reinforce the notion that SmD1 is required for
optimal miRNA biogenesis. let-7 is highly expressed in the Drosophila heart, and is required

Fig 1. Loss of SmD1 compromises miRNA biogenesis. (A) small RNA samples from various dsRNA-treated S2 cells were subject to deep sequencing.
The proportions of various classes of endogenous siRNAs and miRNAs in each library are shown. Note that small RNA libraries were prepared in two
batches (batch 1: control and Drosha knockdown; batch 2: two independent control samples, one Dcr-2 knockdown sample, and two independent SmD1
knockdown samples). Unless noted otherwise in this manuscript, dsRNA against the firefly luciferase gene serve as a control. (B,C,E,F) S2 cells were treated
with various dsRNAs (above) and levels of the endogenous siRNA esi-2.1, various miRNAs or 2S rRNA (loading control) were measured by Northern blot.
(D,G) Quantification of miRNA and esi-2.1 levels (n = 3) normalized against 2S rRNA levels and compared with controls. Unless noted otherwise, data in this
manuscript are shown as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (H) Levels of various mRNA targets of the corresponding
miRNAs (below) in SmD1-depleted cells or control cells were measured by RT-qPCR and normalized against the control rp49mRNA (n� 3).

doi:10.1371/journal.pgen.1005475.g001
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for Drosophila heart function. Interestingly, depletion of SmD1 specifically in cardiac cells of
adult Drosophila causes several defects in cardiac function (S3 Fig). These observations suggest
that the cardiac phenotype elicited by SmD1 depletion is linked, at least in part, to defects in
let-7 biogenesis.

SmD1 is selectively required for the processing of pri-miRNAs into pre-
miRNAs
miRNA biogenesis consists of multiple steps, including Drosha-mediated processing of pri-
miRNAs into pre-miRNAs and Dcr-1-mediated conversion of pre-miRNAs into mature miR-
NAs, referred to as cropping and dicing, respectively (Fig 2A). To further define the biochemi-
cal step(s) of miRNA biogenesis that require SmD1, we examined the impact of SmD1
inactivation on levels of pri-miRNAs and pre-miRNAs. As expected, we detected a marked
accumulation of several pri-miRNAs in S2 cells depleted of the microprocessor component
Drosha (S4 Fig). Importantly, SmD1 phenocopies Drosha, albeit to a moderate extent (Fig 2B),
suggesting that SmD1 is required for microprocessor-mediated processing of pri-miRNAs. To
assess whether SmD1 is required for Dcr-1-mediated processing of pre-miRNAs into mature
miRNAs, we treated S2 cells with dsRNAs targeting the firefly luciferase (as control) or SmD1,
together with dsRNAs targeting Dcr-1 (to facilitate the detection of pre-miRNAs), and per-
formed Northern blot to measure levels of pre-miRNAs. We found that compared to control

Fig 2. Depletion of SmD1 compromises microprocessor activity. (A) A schematic of the cropping and dicing steps of miRNA biogenesis. (B) Levels of
various primary miRNA transcripts in SmD1-depleted cells or control cells were measured by RT-qPCR and normalized against the control rp49mRNA
(n� 3). (C) S2 cells were treated with control or SmD1 dsRNAs together with the Dcr-1 dsRNA, and levels of the precursor and maturemiR-184 were
measured by Northern blot. (D) Cytoplasmic lysates from S2 cells treated various dsRNAs were incubated with radiolabeled pre-let-7 substrate to generate
mature let-7. RNAs were extracted and resolved by denaturing urea-PAGE. Quantification of Dcr-1 activity is shown at the bottom. (E,F) Total lysates from
S2 cells treated various dsRNAs were incubated with radiolabeled pri-bantam (E) or pri-miR-184 (F) to generate pre-miRNAs. (G) The microprocessor
activity, represented as the amount of resultant pre-miRNAs, was quantified and normalized to controls (n� 4).

doi:10.1371/journal.pgen.1005475.g002
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samples, loss of SmD1 caused a reduction in levels of pre-miR-184 (Fig 2C). These observations
strongly suggest that SmD1 is dispensable for Dcr-1-mediated processing of pre-miRNAs into
mature miRNAs, as otherwise we would have detected an accumulation of pre-miRNAs upon
SmD1 inactivation. We note that it remains formally possible that SmD1 is required for the
processing of pre-miRNAs into mature miRNAs, and the observed decrease in the overall pre-
miRNA levels upon SmD1 knockdown is an accumulative effect of impaired microprocessor
activity (leading to less pre-miRNA production) and less efficient Dcr-1-mediated pre-miRNA
processing (leading to accumulation of pre-miRNAs). Next, to definitively elucidate the
requirement for SmD1 in different steps of miRNA biogenesis, we prepared total or cyto-
plasmic lysates from S2 cells treated with various dsRNAs, incubated lysates with radiolabeled
pri-miRNAs or pre-miRNAs, and measured the microprocessor or Dcr-1 activities by monitor-
ing the production of pre-miRNAs or mature miRNAs, respectively. Our analysis revealed that
SmD1-deficient cell lysate is as competent as the control lysate in carrying out Dcr-1-mediated
processing of pre-miRNAs into mature miRNAs (Fig 2D). In contrast, SmD1-deficient cell
lysate displays significant defects in Drosha-mediated conversion of pri-miRNAs into pre-
miRNAs (Figs 2E–2G and S5). These data demonstrate that SmD1 is specifically required for
cropping, but is dispensable not the dicing step during miRNA biogenesis.

SmD1 interacts with the microprocessor component Pasha
Having shown that SmD1 is required for optimal microprocessor activity, we next examined
whether SmD1 associates with components of the microprocessor. Consistent with the require-
ment for SmD1 in the cropping step, we found that at Flag-tagged SmD1, but not the control
protein Ran, co-immunoprecipitated with the endogenous microprocessor component Pasha
(Fig 3A). In addition, the recovery of Pasha in the SmD1 complex is resistant to RNase A treat-
ment, indicating RNA-independent protein-protein interactions. It remains to be determined
whether the observed SmD1-Pasha interaction is direct or through protein intermediates.
While we were unable to detect endogenous Drosha in the SmD1 complex by immunoblotting,
most likely due to the low sensitivity of the Drosha antibody, moderate but clearly above back-
ground levels of microprocessor activity can be recovered from immunopurified endogenous
SmD1 complex (Fig 3B). These observations underscore the functional relevance of the
observed SmD1-Pasha interaction. Next, we performed RNA immunoprecipitation (RIP)
assays to assess whether SmD1 could associate with pri-miRNAs, the substrates for the micro-
processor. Our analysis revealed significant enrichment in the SmD1 complex all six pri-miR-
NAs that we have examined, the degree of which matched or even exceeded that of cognate
SmD1-binding small nuclear RNAs (Fig 3C). In contrast, no significant enrichment of the con-
trol mRNA rp49 was observed. The observed interactions of SmD1 with Pasha and pri-miR-
NAs suggest that SmD1 might modulate miRNA biogenesis by serving as a molecular bridge
to facilitate the recognition of pri-miRNAs by the microprocessor. To test this possibility, we
performed RIP assay using a stable cell line expressing TAP-tagged Pasha and detected a signif-
icant enrichment of pri-miRNAs in immunopurified TAP-Pasha complex (S6 Fig). Impor-
tantly, recovery of pri-miRNAs in the Pasha complex was severely blunted upon depletion of
SmD1 (Fig 3D). Interestingly, we also observed a moderate degree of enrichment of the control
mRNA rp49 in the Pasha complex. This is consistent with the notion that the microprocessor
complex potentially associates with and regulates the expression of a number of cellular
mRNAs (S6 Fig) [37,38]. However, the association of the rp49mRNA with Pasha seems to be
largely unaffected by SmD1 depletion (Figs S6 and 3D).

To investigate the molecular detail of the SmD1-Pasha interaction, we next sought to map
the protein domains responsible for this interaction. We generated a series of T7-tagged full
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length and truncated Pasha proteins and examined their capability of interacting with Drosha
and SmD1 by performing co-immunoprecipitation assays. As expected, we found that full
length Pasha was able to co-immunoprecipitate with endogenous Drosha in cultured Drosoph-
ila S2 cells (Fig 3E, lane 7). In addition, the C-terminal fragment of Pasha (334–642) is also
capable of pulling down Drosha (Fig 3E, lane 10). Our data are consistent with previous reports
showing that the C-terminal fragment of DGCR8 interacts with Drosha in mammals [39,40].
Note that T7-tagged Pasha127–642 was unable to co-immunoprecipitate with endogenous
Drosha, possibly due to inefficient folding and/or presentation of the T7 epitope in native

Fig 3. SmD1 interacts with the microprocessor component Pasha and pri-miRNAs. (A) Lysates from S2 cells expressing Flag-tagged SmD1 or the
control protein Ran were immunoprecipitated with anti-Flag antibody. Input and immunoprecipitated material (treated with or without RNase A) were subject
to immunoblotting using various antibodies (left). (B) S2 cell lysates were subject to immunoprecipitation using anti-SmD1 antibody or the control non-
immune (n.i.) serum. Microprocessor activity associated with the isolated complexes was assessed using pri-miR-184 as substrate. (C) Total RNA was
extracted from immunopurified SmD1 complexes or control samples (n.i.) and subject to RT-qPCR to measure levels of various snRNAs, pri-miRNAs or the
control mRNA rp49 (mean + SEM, n� 3). Percentage of pulldown relative to the input is shown. (D) S2 cells stably expressing TAP-Pasha were treated with
control or SmD1 dsRNAs. Relative enrichment of various pri-miRNAs in purified TAP-Pasha complexes was measured by RT-qPCR (n = 4). (E,F) Various
T7-tagged full length or truncated Pasha proteins or the control protein Ran were either expressed individually (E) or co-expressed with Flag-SmD1 (F) in S2
cells. Cell lysates were subject to immunoprecipitation using either anti-T7 (E) or anti-Flag antibodies (F) and the isolated complexes were analyzed by
immunoblotting with anti-Drosha (E), anti-Flag (F) and anti-T7 (E,F) antibodies. Various Pasha proteins are labeled by color-coded arrowheads. (G) A
schematic of Pasha showing Drosha- and SmD1-binding domains. dsRBD represents dsRNA-binding domain.

doi:10.1371/journal.pgen.1005475.g003
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T7-Pasha127–642 protein in total cell lysate, as T7-Pasha127–642 was poorly recovered in the anti-
T7 immunoprecipitate (Fig 3E, lane 11, lower panel). In contrast, T7-Pasha127–642 was readily
detectable in input samples, most likely because the T7 epitope can be efficiently recognized by
the anti-T7 antibody in denatured T7-Pasha127–642 (Fig 3E, lane 5, lower panel). Next, we
examined whether various truncated Pasha proteins can co-immunoprecipitate with SmD1.
We found that Flag-tagged SmD1 was able to pull down both full length and a number of trun-
cated Pasha mutants containing the region spanning amino acids 127–333 (Fig 3F, lanes 7–9,
11). Thus, it appears that distinct regions of Pasha are required for the Pasha-Drosha and
Pasha-SmD1 interactions (Fig 3G). The stoichiometry of the SmD1-microprocessor complex is
currently not clear, and it remains to be determined whether the observed Drosha-Pasha and
SmD1-Pasha interactions are mutually exclusive, or all three proteins are present in the same
complex. Collectively, these data demonstrate that SmD1 associates with both components of
the miRNA biogenesis machinery and primary miRNA transcripts, and that SmD1 is required
for optimal recognition of the pri-miRNAs by the microprocessor.

SmD1 is required for miRNA function
Several lines of evidence point to a possible role of SmD1 in the effector phase of the miRNA
pathway (i.e., miRISC assembly and function) besides its involvement in miRNA biogenesis: 1)
SmD1 modulates siRISC assembly and function, and associates with several siRISC compo-
nents, including AGO2 [33]; 2) SmD1, but not the control protein Ran, co-immunoprecipitates
withmiR-2b [33]; 3) in mammals SNRPD1 (ortholog of Drosophila SmD1) and AGO2 (a
canonical miRISC component) interact with each other [33]; and 4) a considerable fraction of
SmD1 is present in the cytoplasm (Fig 4A), where miRISC assembly and function primarily
take place. To examine this possibility, we transfected SmD1-depleted S2 cells with a synthetic
let-7miRNA duplex together with a Renilla luciferase reporter construct carrying 8 copies of
imperfect let-7-binding sites in the 3’UTR. A firefly luciferase reporter lacking miRNA-binding
sites serves as control. Defects in miRISC assembly/function are expected to be reflected as an
increase (de-repression) in reporter activity compared to the negative control. It is worth not-
ing that employing a synthetic mature miRNA duplex in the assay effectively circumvents the
confounding factor that SmD1 is required for miRNA biogenesis. In addition, we chose let-7
because of its extremely low basal expression in S2 cells, thereby reducing background. Our
analysis revealed that compared to control knockdown cells, SmD1-depleted cells display a
marked de-repression of the let-7 reporter, resembling the phenotype elicited by depletion of
the core miRISC component AGO1 (Fig 4B). These data indicate that SmD1 is required for
miRNA function. Consistent with this notion, we found that Flag-tagged AGO1, but not the
control protein Ran, is capable of co-immunoprecipitating with endogenous SmD1 (Fig 4C).
Furthermore, endogenous AGO1 as well as GW182, another component of the miRISC, were
detected in SmD1 complex, but not in the control Ran complex or the control immunoprecipi-
tates using a non-immune serum (Fig 4D and 4E). It appears that the SmD1-AGO1 and
SmD1-GW182 interactions are not strongly affected by RNase treatment (Fig 4D and 4E).
These data demonstrate the interaction between SmD1 and components of the miRISC.

Next, to determine the functional relevance of the SmD1-AGO1 interaction and to directly
assess the role of SmD1 in miRISC assembly/function, we examined whether SmD1 depletion
impairs the function of miRISC by measuring the slicer activity of AGO1-miRISC pro-
grammed by the let-7miRNA duplex. To circumvent the confounding factor that AGO2 is a
much more robust slicer than AGO1 and thus could mask the weak slicer activity of AGO1, we
first established stably transfected S2 cells expressing TAP-tagged AGO1. Then we immuno-
purified and immobilized the AGO1 complex onto agarose beads and incubated the AGO1
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Fig 4. SmD1 interacts withmiRISC components and loss of SmD1 abolishesmiRISC assembly/function. (A) Cytoplasmic (Cyto), nuclear (Nuc) and
chromatin (Chro) fractions fromS2 cells were probed with antibodies against SmD1, Tubulin and Histone H3. (B) Expression construct for a Renilla luciferase
reporter mRNA that carries 8 copies of let-7 binding sites and a firefly luciferase (normalization control) were transfected into dsRNA treated cells (bottom)
together with a synthetic let-7miRNA duplex. Depleting AGO1 or SmD1 led to a de-repression of the let-7 reporter compared to control knockdown with LacZ
dsRNA (n = 4). (C) Lysates fromS2 cells expressing Flag-tagged AGO1 or the control protein Ran were immunoprecipitated with anti-Flag antibody. Input and
immunoprecipitated material were subject to immunoblotting using anti-SmD1 and anti-Flag antibodies. (D) Lysates from cells expressing Flag-SmD1 or the
control protein Ran were subject to immunoprecipitation using anti-Flag antibody. Input samples and immunoprecipitated material (treated with or without
RNase A) were subject to immunoblotting using anti-AGO1 and anti-Flag antibodies. Note the anti-Flag panel inD is identical to that shown in 3A. (E) Lysates
fromS2 cells expressing Flag-tagged SmD1were immunoprecipitated with anti-SmD1 antibody or the non-immune serum. Input and immunoprecipitated
material (treated with or without RNase A) were subject to immunoblotting using anti-GW182 and anti-Flag antibodies. (F) Minimal miRISC was immunopurified
from TAP-AGO1 cell lysates using IgG agarose beads. Purified minimal miRISC was subsequently incubated with lysates from control or SmD1-knockdown
cells in the presence of let-7miRNA duplex. The beads were washed thoroughly and the slicer activity of resultant miRISC was measured as cleavage of the
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complex with cytoplasmic lysates (from either control cells or SmD1 knockdown cells) together
with the let-7miRNA duplex. The beads were subsequently washed thoroughly and the slicer
activity of the bead-bound let-7-AGO1 miRISC against an mRNA substrate carrying a perfect
let-7 binding site was measured. This assay revealed a significantly weaker slicer activity of the
AGO1-miRISC assembled in SmD1-depleted cell lysate than that assembled in control lysates
(Fig 4F and 4G), suggesting that SmD1 is required for efficient miRISC assembly and/or func-
tion. To examine whether SmD1 is required for the loading of miRNAs into AGO1, which is
the first step of miRISC assembly, we depleted SmD1 in TAP-AGO1-expressing S2 cells, and
measured the levels of endogenous miRNAs in immuno-purified TAP-AGO1 complex (Fig
4H). Note that as a control for the amount of TAP-AGO1 expressed from the transgene across
different samples, we used identical amount of cell lysates in each immunoprecipitation. Com-
pared with controls, the absolute levels of bothmiR-2b andmiR-184 were markedly reduced in
AGO1 miRISC recovered from SmD1-depleted cells (Fig 4H and 4I). This is in part due to
lower levels of miRNAs in input samples from SmD1 knockdown cells (Fig 4H, compare the
input samples). In addition, we calculated AGO1 loading index by normalizing levels of
AGO1-bound miRNAs against those in the input. This analysis revealed a moderate decrease
in AGO1 loading index upon SmD1 knockdown, suggesting that SmD1 is required for efficient
loading of miRNAs into miRISC (Fig 4J). Taken together, these data demonstrate that SmD1 is
required for efficient miRISC assembly/function besides its role in miRNA biogenesis.

Transcriptome-wide identification of SmD1-associated RNAs
To comprehensively identify direct SmD1-RNA interaction events across the transcriptome,
we optimized the PAR-CLIP protocol in Drosophila S2 cells, recovered and deeply sequenced
SmD1-bound RNAs (S7A and S7B Fig) [41,42]. Mapped reads are derived from various classes
of RNAs (S7C Fig). Our initial analysis identified 2180 SmD1 binding sites (clusters) across the
transcriptome. Of these, 1729 unique peaks have passed non-adaptive filtration (see Materials
and Methods) and were used for subsequent analyses (S2 Table). Among them, 96 map to
unannotated genomic regions. For the remaining 1633 clusters, 1553 (95%) and 80 (5%),
respectively, map to the annotated coding and non-coding RNAs (Figs 5A and S8; S3 and S4
Tables). As expected, snRNAs, the cognate binding partners for SmD1, were abundantly pres-
ent in the dataset, so were sequences derived from the endogenous siRNA esi-2.1 precursor
CG4068, consistent with our previous report (Fig 5B and S2 Table) [33]. In addition, SmD1
binding events in the vicinity of splice junctions were found (S5 Table), thereby providing sup-
porting evidence for well-documented role of SmD1 in regulation of pre-messenger RNA pro-
cessing. Interestingly, we also identified a substantial number (24) of SmD1-interacting
snoRNAs. Importantly, sequences derived from several pri-miRNAs, including Bantam,miR-2
family,miR-11,miR-33 andmiR-34 were also recovered, thus demonstrating direct interac-
tions between SmD1 and pri-miRNAs (Figs 3C, 5C, 5D and S9; S6 Table). Interestingly, among
the primary miRNA transcripts that we have examined so far,miR-33 andmiR-34 are the top
two highly enriched in immunopurified SmD1 complex (Figs 3C, 5C and 5D). Notably, a
major SmD1 binding peak directly overlaps with maturemiR-34 (Fig 5D), suggesting that
SmD1 may directly associate with mature miRNAs (in the context of miRISC). This is

cap-radiolabeled target mRNA that contains a perfectly complementary let-7 site. (G) Quantification of the AGO1-miRISC slicer activity (n = 3). (H) TAP-AGO1
expressing cells were treated either with a control dsRNA against the firefly luciferase gene, or that against SmD1. Total RNA was extracted from either input cell
lysates or immunopurified TAP-AGO1 complexes and subject to Northern blotting to detect various small RNAs (left). (I) Quantification of levels of AGO1-bound
miRNAs (n = 3). (J) Quantification of AGO1-loading index for individual miRNAs by normalizing levels of AGO1-bound miRNAs against those in the input (n = 5).

doi:10.1371/journal.pgen.1005475.g004
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consistent with our previous findings that immunopurified SmD1 complex contains mature
miRNAs [33]. An alternative and non-mutually exclusive possibility is that SmD1 could bind
the sequence segment corresponding to maturemiR-34 within the primary miRNA transcript.

Loss of SmD1 does not functionally alter the expression of canonical
miRNA factors
It is conceivable that SmD1 depletion indirectly impacts the miRNA pathway by modulating
the expression of genes encoding canonical miRNA factors. We previously performed pair-end
RNA-sequencing in both control cells and cells depleted of SmD1 [33]. Consistent with the
role of SmD1 in pre-mRNA splicing, our analysis revealed that the splicing pattern of ~25%
cellular mRNAs is altered in SmD1-depleted cells. Importantly, we found no significant

Fig 5. Transcriptome-wide identification of SmD1-associated RNAs. (A) A piechart showing read clusters derived from various classes of RNAs. Note
that the rRNA sequences have been computationally removed (see Materials and Methods). (B) Binding signal in snRNA:U2:34Aba locus. Colored bars
above the read coverage profile correspond to the number of T to C conversions identified in each cluster: Blue (2), green (3) and orange (� 4). Read depth is
indicated on the left. (C) Binding profile in the dme-miR-33 locus. Note that the G8461.1 binding site is of low confidence, due in part to a low proportion of T
to C conversion events. (D) SmD1 binding site within maturemiR-34 sequence. T to C conversion loci are indicated with red asterisks. Reads mapping to this
locus are shown as navy bars above the binding profile.

doi:10.1371/journal.pgen.1005475.g005
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changes in the mRNA levels of canonical miRNA factors except an increase in levels of Drosha
and a decrease in loqs-RD, whose encoded product is dispensable for the miRNA pathway (S10
Fig). Most importantly, immunoblotting assays revealed no significant changes in protein lev-
els of canonical miRNA factors in SmD1-depleted cells except for an increase in levels of Loqs-
PB and a concomitant reduction in Loqs-PD (Fig 6A) [33]. Given our findings that SmD1
impacts the cropping and miRISC assembly/function (Figs 2E–2G, 4 and S5), which do not

Fig 6. miRNA and splicingmachineries are physically and functionally distinct. (A) S2 cells were treated with control or SmD1 dsRNAs and analyzed
for expression of various canonical miRNA pathway components by immunoblotting. Tubulin protein served as controls. Note identical copies of samples
were subject to immunoblotting using various antibodies. (B) S2 cells were treated with various dsRNAs (top). Levels ofmiR-2b, esi-2.1 and the control 2S
rRNA were measured by Northern blot and quantified (bottom). (C,D) Splicing activity was assessed in various knockdown cells (top) by examining splicing
pattern of the CG13887 pre-mRNA by RT-PCR. The RB splice variant retains an intron (a straight line between exons shown as open boxes), whereas the
RC/RD variants lack the intron. Ratio of intron retention/excision was quantified and shown inD (n = 3). (E) Lysates from cells expressing various Flag-
tagged Sm proteins or the control protein Ran together with T7-tagged Pasha were subject to immunoprecipitation using anti-Flag antibody. Both input
samples and isolated complexes were probed with anti-T7 (top panel), anti-SmD1 (middle) and anti-Flag antibodies (bottom). (F) Lysates from cells
expressing various Flag-tagged Sm proteins or the control protein were subject to immunoprecipitation using anti-Flag antibody. Total RNA was extracted
from various immunopurified Flag-tagged protein complexes and subject to RT-qPCR to measure levels of various pri-miRNAs and theU4 snRNA. (G) Total
RNA was extracted from immunopurified TAP-Pasha or control samples (TAP) and subject to RT-qPCR to measure levels of various snRNAs. Fold change
relative to levels of the control rp49mRNA are shown (n = 3; n.s., non-significant). (H) A schematic depicting the proposed roles of SmD1 in the initiation
(miRNA biogenesis) and effector (miRISC assembly and/or mRNA cleavage) steps of the miRNA pathway.

doi:10.1371/journal.pgen.1005475.g006
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require Loqs proteins, it is unlikely that the observed changes in levels of Loqs protein isoforms
could account for the miRNA biogenesis and function defects elicited by SmD1 depletion. We
conclude that SmD1 depletion does not functionally impact the expression of genes encoding
canonical components of the miRNA pathway.

Select splicing factors, but not splicing per se, modulate the miRNA
pathway
To determine if a broader link exists between the miRNA pathway and splicing, we examined
additional snRNP (Sm) proteins for their potential involvement in the miRNA pathway.
We found that depletion of several snRNP proteins led a reduction in levels ofmiR-2b, reminis-
cent of the SmD1 knockdown phenotype (Fig 6B). In contrast, levels ofmiR-2b remained
unchanged in SmF knockdown cells. Furthermore, SmF knockdown did not impact in micro-
processor activity either, even though SmF-depleted cells displayed obvious alteration in the
splicing pattern of the CG13887 pre-mRNA, to the same extent as that observed in SmD1-de-
pleted cells (Figs S11, 6C and 6D). These data clearly show that the miRNA defects elicited by
SmD1 depletion can be uncoupled from pre-mRNA splicing defects, as the miRNA pathway
appears to be intact in SmF-depleted cells, even though these cells display profound defects in
pre-mRNA splicing.

To further dissect the relationship between the miRNA and pre-mRNA splicing machiner-
ies, we examined whether additional snRNP proteins are capable of interacting with Pasha. We
found that besides SmD1, SmD2 is also capable of co-immunoprecipitating with Pasha (Fig
6E). In contrast, no interaction can be detected between Pasha and SmB or SmF, even though
both SmB and SmF are capable of pulling down endogenous SmD1, most likely the SmD1 frac-
tion in the spliceosome (Fig 6E). Furthermore, upon examining levels of pri-miRNA and
snRNA species in various immuno-purified Sm protein complexes, we found that SmD1 con-
sistently outperforms SmF in binding to various pri-miRNAs. In contrast, we detected signifi-
cantly higher levels of the U4 snRNA in the SmF complex compared to those present in the
SmD1 complex (Fig 6F). We note that Flag-tagged Sm proteins were employed in these assays
and that these exogenous proteins have to complete with their endogenous counterparts for
binding to their RNA partners. However, since we are measuring levels of various RNA cargos
in the same sample, it allows us to make a direct comparison regarding the relative affinity
between various Sm proteins and their RNA partners. These data suggest that compared with
SmF, SmD1 appears to display a more prominent role in miRNA biogenesis, whereas SmF
seems to be more dedicated to pre-mRNA splicing. In addition, these data also indicate that
the spliceosome and miRISC are functionally distinct entities. To address this further, we
immunopurified the microprocessor or the snRNP complexes by TAP-Pasha IP or SmD1 IP,
respectively, and examined the presence of various snRNAs and pri-miRNAs in these com-
plexes. As expected, snRNAs were highly enriched in the SmD1 complex (Fig 3C). In contrast,
snRNAs were largely absent in the microprocessor (Fig 6G). On the other hand, several pri-
mary miRNA transcripts were highly enriched in the microprocessor (Figs 3D and S6). Taken
together, these data demonstrate that select splicing factors, but not splicing per se, influence
the miRNA pathway, and that the miRNA biogenesis machinery and the spliceosome are phys-
ically and functionally distinct.

Discussion
Accumulating evidence suggests extensive crosstalk between pre-mRNA splicing and small
RNA-mediated gene silencing pathways. For example, the core component of the RNAi effec-
tor machinery AGO2 plays a key role in the regulation of pre-mRNA splicing [19,20].
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Conversely, a number of splicing factors have been implicated in modulating small RNA-medi-
ated gene silencing [21,22,23,24,25,26,27,28,29,30]. We previously showed that the core snRNP
splicing factor SmD1 is required for optimal biogenesis and function of siRNAs [33]. In the
current study we report that SmD1 also plays a key role in modulating the miRNA pathway.
Specifically, SmD1 interacts with the microprocessor component Pasha and with primary
miRNA transcripts, and is selectively required for efficient recognition of primary miRNA
transcripts by the microprocessor and the conversion of pri-miRNAs into pre-miRNAs. In
addition, SmD1 associates with the miRISC components AGO1 and GW182, and is required
for miRISC assembly/function. We further show that only select splicing factors, but not pre-
mRNA splicing per se, modulate the miRNA pathway, since defects in pre-mRNA splicing can
be uncoupled from defects in the miRNA pathway, and that the molecular machineries execut-
ing pre-mRNA splicing and miRNA biogenesis and function are physically and functionally
distinct entities.

Our analysis reveals that SmD1, but not a closely related snRNP protein SmF, is required
for optimal miRNA biogenesis. These observations indicate that SmD1 belongs to a select
group of splicing factors that modulate small RNA pathways beyond the context of the splicing
machinery. SmD1 associates with the N-terminus of Pasha, whereas the C-terminal domain of
Pasha is sufficient to interact with Drosha. It is currently unclear whether the SmD1-Pasha and
Drosha-Pasha interactions take place in a mutually exclusive manner, or alternatively there
exists a Drosha-Pasha-SmD1 complex. Our observation that the immunopurified SmD1 com-
plex is capable of carrying out the conversion of pri-miRNAs into pre-miRNAs lends support
to the latter possibility (Fig 3B). Of note, several splicing factors have been shown to co-purify
with the microprocessor [3]. Our study, together with a recent report that implicates FUS in
miRNA biogenesis [43], demonstrates that select splicing factors are functionally associated
with the microprocessor in higher multicellular organisms. While it is possible that SmD1 cou-
ples splicing and processing of pri-miRNA transcripts by recruiting the microprocessor to
nascent pri-miRNA transcripts that undergo co-transcriptional splicing, our observations that
depletion of SmF, a related snRNP splicing factor, does not impact miRNA biogenesis (Figs 6B
and S11), that neither SmB nor SmF is able to co-immunoprecipitate with Pasha (Fig 6E), and
that immunopurified SmD1 and Pasha complexes harbor overlapping yet distinct sets of cargo
RNAs (Figs 3C, 6F and 6G), argue against this possibility.

While SmD1 is clearly required for miRNA biogenesis, it may operate in the context of mul-
timeric protein complexes to execute this function. For example, our data show that SmD2 is
as competent as SmD1 in pulling down primary miRNA transcripts and Pasha, and depletion
of SmD2 led to a reduction in both miRNA levels and microprocessor activity (Figs 6B, 6E, 6F
and S11). Together with previous studies that report the presence stable SmD1-SmD2 subcom-
plex, [31,44], our data raise the possibility that the SmD1/D2 sub-assembly may execute a
moonlighting function during miRNA biogenesis beyond the context of the spliceosome. We
found that adding back purified recombinant SmD1 or lysates from cells over-expressing
SmD1 was not sufficient to restore the microprocessor activity or miRISC assembly/function
in SmD1-depleted cell lysate (S12 and S13 Figs). These observations suggest that additional
SmD1 co-factor(s) (such as SmD2) in the context of multimeric complexes of appropriate stoi-
chiometry may be necessary to functionally impact the miRNA pathway. An alternative possi-
bility is that SmD1 depletion leads to altered expression of unknown protein(s) involved in
miRNA biology, which underlies the defects in the miRNA pathway elicited by SmD1 knock-
down. However, our findings lend strong support to the former scenario.

Interestingly, our data uncover a differential dedication of various Sm proteins to the
miRNA pathway and pre-mRNA splicing. For example, SmD1 and SmD2 consistently outper-
form SmF in binding to various pri-miRNAs, whereas the U4 snRNA is significantly more
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enriched in the SmF complex than in the SmD1 complex. (Fig 6F) This is consistent with our
findings showing that SmD1 and SmD2, but not SmF, is required for the miRNA pathway.
These observations also indicate the presence of sub-spliceosomal assemblies or novel
SmD1-containing complexes that impact the miRNA pathway. Further supporting this notion,
our co-immunoprecipitation assay reveals that Flag-tagged SmD1 is capable of pulling down
endogenous SmD1 (Fig 6E, lane 8). Most likely this interaction takes place beyond the context
of the spliceosome, as the snRNP ring structure contains only a single copy of each Sm protein.
Interestingly, depleting either SmB or SmD2, immediate neighbors to SmD1 in the snRNP ring
structure, led to a reduction in miRNA levels and microprocessor activity. However, only SmD2,
but not SmB, is capable of co-immunoprecipitating with Pasha (Fig 6E). Identification of the
complete collection of microprocessor-associated splicing factors and unraveling the stoichiome-
try of the microprocessor/SmD1-containing complexes should provide insights into the function
of microprocessor-associated splicing factors in miRNA biogenesis.

Besides its involvement in the initiation phase of the miRNA pathway (miRNA biogenesis),
SmD1 is also required for the effector phase of the miRNA pathway, as SmD1 depleted cells
display defective miRISC assembly/function. This is manifested in part by defects in the load-
ing of miRNAs into AGO1-miRISC (Fig 4H–4J). It remains to be determined whether SmD1 is
similarly required for additional steps of miRISC assembly, including miRNA duplex unwind-
ing and miRNA star strand removal.

We report here that the Drosophila SmD1 associates with the microprocessor and impacts
the cropping step of miRNA biogenesis (Fig 6H). Interestingly, in C. elegans the SmD1 ortho-
log SNR-3 co-purifies with Dcr-1 [45]. It would be informative to address whether SNR-3 simi-
larly impacts miRNA biogenesis in worms. In addition, we show here that SmD1 associates
with the core miRISC component AGO1 in flies and impacts miRNA function (Fig 6H). An
analogous observation has been made regarding the role of SmD1 in the siRNA pathway,
where it associates with the siRISC component AGO2 and is required for siRISC assembly/
function. Furthermore, we report previously that the human orthologs of SmD1 and AGO2
associate with each other [33]. These findings raise the possibility that the role of SmD1 in
modulating small regulatory RNA biogenesis and Argonaute-RISC assembly and function may
be evolutionarily conserved.

Materials and Methods

Cell culture, transfection, and RNAi
Drosophila S2 and S2-NP cells were maintained in Schneider’s medium (Invitrogen) supple-
mented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (Invitrogen).
S2-NP cells stably expressing Flag-SmD1 were generated by transfection with pRmHa-3-Flag-
SmD1 and the selection marker plasmid pHS-neo using the calcium phosphate method, fol-
lowed by selection in medium containing 400 μg/mL G418 (Calbiochem). dsRNA treatment
was performed as described previously [27,46]. Briefly, ~2 × 106 S2 or S2-NP cells were seeded
in 6-well plates for 24 h and then transfected with 3 μg of the appropriate dsRNA. Two days
later, the cells were harvested, replated in 6-cm plates for 24 h, and then treated again with 9 μg
dsRNA. Three days later, the cells were harvested and used in assays. For Renilla luciferase
reporter assays, transfections were performed in a 384-well format using HiPerFect (Qiagen).

DNA constructs and antibodies
DNA fragments encompassing the coding regions of SmD1, SmB, SmD2, SmF, Drosha,
AGO1, and full length and truncated Pasha, together with Flag, T7 or TAP epitope tags were
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amplified by PCR and cloned into pRmHa-3 or pMK33-NTAP vectors. Anti-SmD1 antibody
was generated by immunizing rabbits with a synthetic peptide (ProSci Inc.).

Protein/RNA immunoprecipitation and immunoblotting
Cells were lysed in lysis buffer (20 mM Tris-HCl (pH 7.6), 150 mMNaCl, 2 mM EDTA, 10%
glycerol, 1% Triton X-100, 1 mM DTT, 1 mM orthovanadate) supplemented with protease
inhibitor cocktail (Roche). Cleared total lysates were immunoprecipitated with antibodies
against Flag (Sigma). Both input and immunoprecipitated samples were analyzed by
SDS-PAGE followed by immunoblotting with antibodies against Flag (Sigma), T7 (Novagen),
AGO1 (Abcam), Pasha [5] or GW182 [47]. Other antibodies employed in this study include
Drosha and Dcr-1 (gift from Dr. Greg Hannon), Loqs [48] or Tubulin (Sigma), as indicated.
RNase treatment of the immunoprecipitates was performed as previously described [27,46]. To
detect protein-RNA interactions, RNA was extracted from the immunoprecipitates by treat-
ment with TRIzol and subject to RT-qPCR analysis using gene-specific primers.

Northern blotting
Northern blotting was performed as previously described [46,48]. In brief, total cellular or co-
immunoprecipitated RNA was isolated with TRIzol (Invitrogen). Samples of 15 μg RNA were
separated on 15% denaturing polyacrylamide gels and transferred to Hybond-N+ membranes
(Amersham Biosciences) in 1X TBE buffer. Small RNAs were UV crosslinked to the mem-
branes, and the membranes were prehybridized in hybridization buffer for 2 h. DNA probes
complementary to the appropriate strands were 50 radiolabeled and incubated with membranes
overnight at 37°C. Membranes were washed twice in 1X SSC with 0.1% SDS at 42°C, and then
exposed to Phosphorimager screens for 12–48 h. Membranes were stripped by the addition of
boiling 0.1% SDS solution and incubated for 30 min.

Cropping, dicing and slicing assays
Cropping, dicing and slicing assays were performed as previously described, with minor modi-
fications [49,50]. Briefly, for the cropping assay, total S2-NP cell lysates were prepared by soni-
cating cell suspension in lysis buffer (30 mMHEPES-KOH, pH 7.0, 100 mM potassium
acetate, 2 mMmagnesium acetate, 5 mM DTT, 20% glycerol, and 1X EDTA-free protease
inhibitors (Roche)) for 5 times (5 sec each with 2 min interval at 30% duty cycle). Primary miR-
NAs were synthesized using a T7 MEGAscript in vitro transcription kit (Ambion) with
α-32P-GTP, and gel purified. Aliquots of 10 μl of cell lysates containing the same amount of
total protein were incubated in a final volume of 20 μl reaction mixture (30 mMHEPES-KOH,
pH 7.0, 100 mM potassium acetate, 2 mMmagnesium acetate, 5 mM DTT, 10% glycerol, 1
mM ATP, 10 mM creatine phosphate, 0.06 U/μl creatine kinase (Roche), 0.1 U/μl ribonuclease
inhibitor (Promega), 10 ng/μl yeast tRNA, and 2000–10,000 cpm pri-miRNA substrate) at
25°C for 2.5 h.

For the dicing assay, cytoplasmic extracts from frozen S2-NP cells were prepared by thawing
cells in a hypotonic buffer composed of 10 mMHEPES-KOH (pH 7.0), 2 mMmagnesium ace-
tate, 0.1% β-mercaptoethanol, and 1X EDTA-free protease inhibitors (Roche). Radiolabeled
pre-miRNA substrate was prepared by incubating the pre-let-7 synthetic RNA oligo with T4
polynucleotide kinase (New England Biolabs) and γ-32P-ATP and subsequently gel-purified.
Aliquots of 6 μl of cell lysates containing the same amount of total protein were incubated in a
final volume of 10 μl reaction mixture (20 mMHEPES-KOH, pH 7.0, 2 mM DTT, 2 mMmag-
nesium chloride, 1 mM ATP, 25 mM creatine phosphate, 0.06 U/μl creatine kinase (Roche),
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0.8 U/μl ribonuclease inhibitor (Promega), and 2000–10,000 cpm pre-let-7 substrate) at 25°C
for 1 h.

For the slicing assay, the capped Renilla luciferase mRNA substrate containing 1 copy of
perfect let-7 binding site in the 3’ UTR was synthesized using a MEGAscript T7 in vitro tran-
scription kit, incubated with Vaccinia virus capping enzyme (New England Biolabs) and
α-32P-GTP, and gel purified. Minimal AGO1-miRISC was prepared by incubating TAP-AGO1
cell lysates with IgG beads with gentle rocking at 4°C overnight. The beads were thoroughly
washed in hypotonic buffer and incubated with cytoplasmic lysates from either SmD1 knock-
down or control cells in a final volume of 50 μl reaction mixture (8 mMHEPES-KOH (pH
7.0), 60 mM potassium acetate, 5 mMDTT, 1 mM ATP, 25 mM creatine phosphate, 0.03 U/μl
creatine kinase, 0.2 U/μl ribonuclease inhibitor, and 1 mM let-7miRNA) at 25°C for 30 min.
The beads were subsequently thoroughly washed in hypotonic buffer and incubated in a final
volume of 50 μl reaction mixture (8 mMHEPES-KOH (pH 7.0), 60 mM potassium acetate, 5
mMDTT, 1 mM ATP, 25 mM creatine phosphate, 0.03 U/μl creatine kinase, 0.2 U/μl ribonu-
clease inhibitor, 10 ng/μl yeast tRNA, and 2000–10,000 cpm cap-labeled mRNA substrate) at
25°C for 2 h. After the final incubation step, the cropping, dicing or slicing reaction mixtures
were then added to 200 μl proteinase K buffer (200 mM Tris-HCl (pH 7.5), 25 mM EDTA, 300
mM sodium chloride, 2% w/v SDS, and 50 μg/mL proteinase K), incubated at 65°C for 30 min,
and extracted with phenol/chloroform (1:1). RNA was precipitated from the supernatant and
resolved by 6% (for cropping and slicing) or 15% urea-PAGE (for dicing).

PAR-CLIP and library construction and RNA-Seq data analysis
PAR-CLIP procedure and library construction were conducted as previously reported [41,42].
Sequenced reads were trimmed of 3’ and 5’ adaptors (3’ = "TGGAATTCTCGGGTGCCAA
GG"; 5’ = "ATCTCGTATGCCGTCTTCTGCTTG") using flexbar package [51]. Reads that
were less than 15 nucleotides in length were discarded. In order to accurately analyze each
binding event without the confounding bias introduced by repetitive regions, we identified and
removed reads that align to rRNA, tRNA and RepeatMasker sequences (UCSC BDGP R5/dm3
and FlyBase FB2014_03). Elimination of reads mapped to repetitive sequences has significantly
affected the overall read yield available for further analyses, thus complicating discovery of
SmD1 binding sites. The remaining reads were aligned to Drosophila genome with bowtie algo-
rithm [52]. Mapped locations were only reported for the optimal mismatch-stratum for each
read up to a maximum of ten different locations. The resulting alignment was processed with
PARALYZER tool (v1.1) [53]. All clusters that have two or more T to C conversion locations
were reported. The discovered clusters were further filtered to exclude those where a) read cov-
erage was lower than 10, b) ModeScore< = 0.6, and c) number of unique locations having at
least one conversion event exceeded 2. The above non-adaptive filtration helped to remove
potential false positive binding events in low coverage regions, where PARALYZER’s signal-to-
noise estimation becomes less reliable. The location that a cluster mapped to, relative to a
known transcript, was determined based on the FlyBase genome annotation (release 5.57). To
assess the extent of SmD1 binding in miRNA precursor regions, ±10Kb around the known
miRNA locus were examined and overlapping read clusters detected with BEDTools suite. To
evaluate the role of SmD1 on regulation of mRNA splicing, coordinates of exon junctions
annotated in FlyBase were extracted. Next, regions of interest around exon–intron junctions at
the 50 and 30 ends of introns were determined. These loci included: a) 15 bp region around 5’
splice site, of which 5bp were inside the intron, and b) 28bp region around 3’ splice site, where
only 3bp overlapped with the 3’ exon. Finally, the intersection between SmD1 binding and
mRNA splice sites was computed.
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Small RNA library construction and data analysis
Small RNA libraries were constructed from gel purified 19–24 nt RNA samples using the Tru-
Seq small RNA sample kit according to manufacturer’s manual (Illumina), and sequenced on a
GA-II machine. Reads were trimmed of 3’ and 5’ adaptors (3’ = "TGGAATTCTCGGGTGCC
AAGG"; 5’ = "ATCTCGTATGCCGTCTTCTGCTTG") with cutadapt package (http://dx.doi.
org/10.14806/ej.17.1.200) and mapped to the fly genome (rel. 5.57) with Bowtie software suite
(v.1.1.1) [52] in a sequential manner {e.g. progressively relaxing constraints for permissive
number of mismatches until the limit of 2 was reached (–v[0–2]-best)}. The alignment was
processed with HTSeq [54] and read abundances assigned to various genomic elements
calculated. To assess read numbers mapping to transposable elements loci we used only LINE-
like and LTR elements annotated in RepeatMasker (UCSC BDGP R5/dm3 and FlyBase
FB2014_03). Annotation and genomic coordinates for 3p-CIS-NAT, esiRNA loci used to esti-
mate siRNA abundances were obtained from Eric Lai (personal communication). Reads that
failed to map to the fly genome were aligned to the flock house virus (FHV) genome and
counted.

Data availability. The sequencing results will be submitted to the SRA/ENA repository.

Oligonucleotides
See S7 Table.

Adult fly heart analysis
SmD1 was knocked down in the Drosophila heart by cardiac-specific RNAi using the UAS/
Gal4 system [55]. Female tinCΔ4-Gal4 flies [56] were crossed to UAS-shSmD1 (Bloomington
stock 34834) and UAS-shGFP (gift from Dr. Norbert Perrimon) respectively. The female F1
progeny was aged for 3 weeks at 25°C and heart function was analyzed using high-speed
recordings of semi-dissected hearts [57].

Supporting Information
S1 Fig. Two independent dsRNAs against SmD1 cause on-target phenotypes. (A) S2 cells
were treated with various dsRNAs (above) and levels of esi-2.1, various miRNAs or 2S rRNA
(loading control) were measured by Northern blot. Two independent dsRNAs targeting SmD1
(DRSC09800 and DRSC31709) cause a similar phenotype. (B) Quantification of miRNA and
esi-2.1 levels (n = 2) normalized against 2S rRNA levels and compared with controls.
(TIF)

S2 Fig. Loss of SmD1 led to a reduction in let-7 levels. Various genes (labeled on the top)
were inactivated by dsRNAs in S2 cells. Cells were then treated with 20-hydroxyecdysone
(20E) for 48 h prior to harvest. Total RNAs were isolated and levels of let-7 and esi-2.1 were
analyzed by Northern blot. Quantifications of let-7 and esi-2.1 levels normalized against 2S
rRNA levels are shown at the bottom.
(TIF)

S3 Fig. SmD1 inactivation impairs cardiac function. Bar graph representations of (A) systolic
interval lengths, (B) diastolic diameters and (C) fractional shortening in SmD1 RNAi hearts
(3 week old females). The cardiac-specific tinCΔ4-Gal4 driver and UAS-shRNA lines were
employed to deplete SmD1 in the fly heart. SmD1 inactivation caused a decrease in the three
parameters analyzed compared to the age-matched control flies (sh-GFP). Results are the mean
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+ SD (sh-GFP, n = 14; sh-SmD1, n = 18; � p< 0.05; �� p< 0.01, one-way ANOVA).
(TIF)

S4 Fig. Drosha depletion causes accumulation of pri-miRNAs. Levels of various primary
miRNA transcripts in Drosha-depleted cells or control cells were measured by RT-qPCR and
normalized against the control rp49mRNA (n� 3).
(TIF)

S5 Fig. Depletion of SmD1 impairs microprocessor activity.Microprocessor activities in
lysates from various knockdown cells (top) were assayed using four pri-miRNAs as substrates.
Quantifications of microprocessor activity are shown at the bottom.
(TIF)

S6 Fig. Primary miRNA transcripts are enriched in immuno-purified Pasha complexes.
Total RNA was extracted from immunopurified TAP-Pasha or control samples (TAP) and
subject to RT-qPCR to measure levels of various pri-miRNAs. Percentage of enrichment rela-
tive to the input samples are shown (n = 4; ��p< 0.01).
(TIF)

S7 Fig. PAR-CLIP identifies SmD1-associated RNAs. (A) S2 cells expressing TAP-SmD1
were cultured in the presence or absence of 4-thio-uridine (4-SU), and irradiated with 365 nm
UV. Crosslinked protein-RNA complexes were immunopurified using IgG agarose, treated
with RNase T1 to fragment RNAs, radiolabeled with T4 polynucleotide kinase, subject to
SDS-PAGE, transferred to nitrocellulose membrane and visualized by phosphorimager. An
immunoblot (IB) of the non-crosslinked TAP-SmD1 is shown on the right. (B) RNA was
extracted from membrane slices (marked by a dashed rectangle in A), subject to 6% Urea-
PAGE, and detected by autoradiography. (C) A piechart showing raw read counts and corre-
sponding percentages of mapped reads derived from various classes of RNAs.
(TIF)

S8 Fig. A circos plot showing the distribution of mapped SmD1 PAR-CLIP clusters across
the genome. Scaled curves at the outer circle indicate various chromosomes, whereas clusters
mapped to the coding and non-coding RNAs are illustrated with filled circles in red and black,
respectively. The size of the filled circles reflects the modeScore value for every cluster [score of
the highest signal / (signal + background)] value generated by PARalyzer. Select miRNAs are
indicated inside the circle.
(TIF)

S9 Fig. High magnification ofmiR-33 precursor region. A and B illustrate two SmD1-bound
clusters at themiR-33 locus, corresponding read coverage and T to C conversion events are
shown.
(TIF)

S10 Fig. Loss of SmD1 does not significantly affect the expression of canonical miRNA
pathway components. (A) RNA samples from SmD1 knockdown cells or controls cells were
subject to RNA sequencing. Read counts for various splice variants of canonical miRNA path-
way components are shown. Upon normalization to the control rp49mRNA, fold changes in
mRNA levels of canonical miRNA factors in SmD1-depleted cells relative to control samples
are calculated. (B) RT-qPCR was employed to validate the deep sequencing results from A.
(TIF)

S11 Fig. Loss of SmF does not impair microprocessor activity. (A,B) Microprocessor activi-
ties in lysates from various dsRNA-treated cells (top) were assayed in A and quantification
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results are shown in B (n� 3; mean + SEM; ��p< 0.01).
(TIF)

S12 Fig. Recombinant SmD1 or lysates from SmD1-overexpression cells do not restore the
microprocessor activity in lysates from SmD1-knockdown cells. Various combinations of
recombinant SmD1 or lysates from SmD1-overexpression cells or SmD1-knockdown cells were
subject to microprocessor assay using pri-miR-34 as substrate.
(TIF)

S13 Fig. Recombinant SmD1 or lysates from SmD1-overexpression cells do not restore the
miRISC activity in lysates from SmD1-knockdown cells. Various combinations of recombi-
nant SmD1 or lysates from SmD1-overexpression cells or SmD1-knockdown cells were subject
to AGO1-miRISC slicing assay as described in 4F.
(TIF)

S1 Table. Read counts of various class of endogenous siRNAs and miRNAs in cells depleted
of Drosha, Dcr-2 or SmD1.
(XLSX)

S2 Table. SmD1-binding sites across the Drosophila transcriptome.
(XLSX)

S3 Table. SmD1-binding sites that map to coding regions.
(XLSX)

S4 Table. SmD1-binding sites that map to non-coding regions.
(XLSX)

S5 Table. SmD1-binding sites that map across exon-intron junctions.
(XLSX)

S6 Table. SmD1-binding sites that map to pri-miRNAs.
(XLSX)

S7 Table. Oligos employed in this study.
(XLSX)
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