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Summary

Argonaute proteins are required for the biogenesis of some small RNAs (SRNAs), including the
PIWI-interacting RNAs and some microRNAs. How Argonautes mediate maturation of SRNAs
independent of their slicer activity is not clear. The maturation of the Neurospora miRNA-like
SRNA, milR-1, requires the Argonaute protein QDE-2, Dicer, and QIP. Here, we reconstitute this
Argonaute-dependent SRNA biogenesis pathway 7 vitro and discover that the RNA exosome is
also required for milR-1 production. Our results demonstrate that QDE-2 mediates milR-1
maturation by recruiting exosome and QIP and by determining the size of milR-1. The
exonuclease QIP first separates the QDE-2-bound pre-milR-1 duplex and then mediates 3’ to 5’
trimming and maturation of pre-milRNA together with exosome using a hand-over mechanism. In
addition, exosome is also important for the decay of SRNAs. Together, our results establish a
biochemical mechanism of an Argonaute-dependent SRNA biogenesis pathway and critical roles
of exosome in SRNA processing.

Introduction

RNA interference (RNAI) is a conserved regulatory mechanism from fungi to mammals in
which small non-coding RNAs (sSRNAs) mediate post-transcriptional or transcriptional gene
silencing (Ambros, 2004; Buhler and Moazed, 2007; Ghildiyal and Zamore, 2009; Hannon,
2002). A common theme among all known RNAI pathways is that the single-stranded
SRNAs guide Argonaute family proteins to RNA targets to regulate gene expression.
Argonaute proteins, the core component of all known RNAI pathways, function either by
directly slicing their RNA targets or by mediating RNA degradation and translational
repression. Since the discovery of the first small RNA in C. elegans, various types of SRNAs
(with sizes ranging from 20-30 nt), including microRNAs (miRNAs), various small
interfering RNAs (siRNAs), and PIWI-interacting RNAs (piRNAS), have been discovered in
animals, plants, and fungi (Ghildiyal and Zamore, 2009; Kim et al., 2009; Lee et al., 1993).

The animal piRNAs associate with the PIWI clade of Argonaute proteins and are enriched in
germline cells to suppress transposon activity (Aravin et al., 2006; Aravin et al., 2001;
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Batista et al., 2008; Das et al., 2008; Ghildiyal and Zamore, 2009; Girard et al., 2006;
Grimson et al., 2008; Grivna et al., 2006; Lau et al., 2006; Lin, 2007; Vagin et al., 2006).
Although most of known types of SRNAs are products of RNAse 111 ribonuclease Dicer
cleavage of double-stranded RNA precursors, piRNAs with sizes ranging from 23-30 nt are
produced independently of Dicer. Biogenesis of piRNAs is dependent on the PIWI proteins,
and these SRNAs arise from long single-stranded RNA precursors. Although secondary
piRNAs are known to be produced by a ping-pong amplification mechanism viathe slicer
activity of PIWI-related proteins (Brennecke et al., 2007; Gunawardane et al., 2007; Li et
al., 2009; Malone et al., 2009), how primary piRNAs are produced from their RNA
precursors and how PIWI proteins mediate such a process are not clear. Recently, a study
using a cell-free system led to the proposal of a 3’ end trimming model for piRNA
maturation (Kawaoka et al., 2011). In this model, PIWI protein binds the single-stranded
piRNA precursors which are then 3’ to 5” trimmed into maturation by an exonuclease.
Whether this proposed mechanism occurs /n vivo and the identity of the exonuclease are not
known. Like piRNAs, the Dicer-independent primal RNAs in fission yeast are also
dependent on an Argonaute protein for accumulation (Halic and Moazed, 2010).

The filamentous fungus Neurospora crassa is one of the first organisms in which RNAI-
related phenomena was studied (Catalanotto et al., 2000; Cogoni and Macino, 19993, b). As
a filamentous fungus, Neurospora has a remarkable reservoir of SRNAs that are made by
diverse biogenesis pathways (Li et al., 2010). We previously discovered the existence of
miRNA-like SRNAs (milRNAS) in this organism and found that milRNAs are produced
through at least four different pathways (Lee et al., 2010). mi/R-1 is the most abundant
milRNA-producing loci in the Neurospora genome; the maturation of milR-1 milRNAs
requires the Argonaute protein QDE-2 (Quelling Defective 2) but not its slicer activity. In
addition, the production of milR-1 milRNAs also requires Dicer and a putative nuclease
QIP. Dicer is required for the generation of mi/R-1 pre-milRNAs from primary-milRNA
(pri-milRNA). In a dicer mutant, the pre-milRNAs and mature single-stranded milR-1 are
not observed, and pri-milR-1 accumulates to high levels, suggesting that pri-milR-1 is
cleaved by Dicer to generate double-stranded pre-milRNAs. QIP was previously identified
as a QDE-2-interacting protein and is important for siRNA RISC activation by removing the
nicked siRNA passenger strand from the QDE-2-bound siRNA complex (Maiti et al., 2007).
In the gip mutant, the mature milR-1 milRNA is abolished, but pre-milRNAs are
maintained, indicating that QIP is required for the maturation of milR-1 milRNAs (Lee et
al., 2010). These results led us to propose a model in which the QDE-2 Argonaute binds to
pre-milRNASs and recruits one or more trimmer enzymes to process the pre-milRNAS into
mature milRNAs by 3’-5” trimming. This model is very similar to that of the recently
proposed piRNA maturation model (Kawaoka et al., 2011).

In this study, we reconstituted /n7 vitro the Argonaute-dependent milR-1 biogenesis pathway
from pri-milRNA to mature milRNAs by using recombinant proteins. In addition to QIP, we
identified the RNA exosome, a 3’ to 5’ exonuclease complex, as a trimmer that is essential
for milR-1 maturation. Together, our results establish the biochemical framework of an
Argonaute-dependent SRNA biogenesis pathway and demonstrate the important roles of
exosome in small RNA processing and degradation.

The Neurospora Dicer-2 generates pre-milR-1 from pri-milRNA

The QDE-2-dependent mi/R-1 milRNAs are the most abundant milRNAs in Neurospora
under normal growth conditions (Lee et al., 2010). The production of mature single-stranded
milR-1 milRNAs requires Dicer, QDE-2, and the putative exonuclease QIP (Figure 1A). The
170-nt pri-milRNA of mi/R-1is predicted to form a long stem-loop structure with milR-1

Mol Cell. Author manuscript; available in PMC 2013 May 11.



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

1duasnuey Joyiny vd-HIN

Xue et al.

Page 3

and milR-1* sequences located near the bottom of the stem structure. In the dicer (dc/-1/
dcl-2) double mutant, the mi/R-1 pri-milRNA accumulates to high levels and the production
of pre-milRNAs and the milRNAs is completely abolished (Lee et al., 2010), suggesting that
Dicer is responsible for the generation of pre-milRNAs from pri-miRNAs. To demonstrate
that Dicer can directly produce pre-milRNA of mi/R-1 from pri-milRNA, we expressed and
purified the full-length recombinant Neurospora DCL-2 (His-DCL-2), which is responsible
for more than 90% of the Neurospora Dicer activity (Catalanotto et al., 2004), from Sf9 cells
(Figure 1B). As expected, the recombinant DCL-2 generated siRNAs around 24-25nt from a
long double-stranded RNA substrate (Figure 1C), consistent with the previous result using
Neurospora extracts (Catalanotto et al., 2004). To examine the activity of the recombinant
DCL-2 on milR-1 pri-milRNA, we synthesized the full-length pri-milRNA /n vitro. As
shown in Figure 1D, the treatment of pri-milRNA with DCL-2 resulted in the production of
small RNAs of the same size as the synthesized 33-nt pre-milR-1, the precursor of mature
milRNAS (see below). The DCL-2 generated pre-milRNA is double stranded as indicated by
its mobility in a native gel (Figure 1D, the bottom panel). This result demonstrates that
DCL-2 can directly generate the precursor of milRNA by cleaving the loop structure from
the milR-1 pri-milRNA.

QIP is a 3'-5’ exonuclease in vitro

Northern blot analysis using a probe specific for milR-1 milRNAs previously showed that
there are two double-stranded pre-milR-1 species (pre-milR-1 and pre-milR-1") (Lee et al.,
2010). In agreement with our previous results, the mature single-stranded milRNA species,
but not the pre-milR-1, are abolished in the gde-27/F and gjp© mutants (Figure 2A),
indicating that both QDE-2 and QIP function downstream of the pre-miRNA generation and
are required for milRNA maturation. In addition, the levels of pre-milR-1, but not pre-
milR-1’, were increased in both gde-2and gip mutants, suggesting that pre-milR-1 is
processed by QDE-2 and QIP to generate mature milRNAs. Consistent with this notion, pre-
milR-1, but not pre-milR-1’, specifically associates with QDE-2 (Lee et al., 2010).

Our previous bioinformatics analysis showed that QIP contains a putative 3’-5’exonuclease
domain that belongs to the DEDDh superfamily of 3’-5’ exonucleases (Maiti et al., 2007).
The role of QIP in milR-1 maturation and its interaction with QDE-2 are consistent with its
role as an exonuclease that trims the pre-milR-1 from the 3’ends. To directly test this
hypothesis, we expressed and purified the recombinant, His-tagged wild-type QIP and QIP
with its predicted catalytic sites mutated (QIPCP) from Sf9 cells (Figure 2B). Using various
21-nt, 5’ end labeled, single-stranded human /et-7miRNAs as substrates, we showed that
the recombinant QIP could generate a ladder of smaller RNA products (Figure 2C). This
activity was not observed with the catalytically dead QIP. These results demonstrate that
QIP is indeed a nuclease that cleaves short single-stranded SRNAs.

To demonstrate that QIP is a 3’ to 5’ exonuclease and to understand its substrate
requirement for 3’end nucleotide modification, we labeled the single-stranded let-7* RNA at
the 3” end by 32pCp to remove its 3’end hydroxyl group. As shown in Figure 2D, QIP could
efficiently cleave the alkaline phosphatase treated RNA (to create 3’ hydroxyl group) but not
the untreated RNA. This result indicates that QIP is a 3’ to 5” exonuclease that requires 3’
hydroxyl group on its RNA substrate.

We then examined the effect of recombinant QIP on the synthetic 33-nt single-stranded pre-
milR-1 and pre-milR-1*. Surprisingly, we found that QIP could not efficiently process the
pre-milR-1 RNAs /n vitro (Figure S1). This result raises the possibility that QIP may prefer
short RNA substrates. To test this, we synthesized a series of single-stranded pre-milR-1 of
different lengths with 3’ end deletions. Although QIP could not efficiently cleave the pre-
milR-1 that is larger than 30 nt, it cleaved 22-27 nt pre-milR-1 RNAs efficiently into RNA
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fragments between 9-15 nt (Figure 2E). In addition, the cleavage by QIP was more complete
for the 22 and 25 nt pre-milR-1 RNAs than that for the 27 nt RNA. This result suggests QIP
prefers shorter RNA substrates. Therefore, if QIP is a nuclease that results in the maturation
of milR-1, a hand-over mechanism exists and another nuclease is required for generating
shorter pre-milR-1 RNAs as substrates for QIP. In addition, because QIP cleaves RNA
substrates into fragments that are much smaller than the mature milR-1, a mechanism must
also exist to determine the milR-1sizes.

Another nuclease can progressively process pre-milR-1 via 3'-5’ trimming

To examine whether there is another nuclease that processes pre-milR-1, we compared the
milR-1 profile of the wild-type strain and the g/p mutants. As shown in Figure 3A, a faint
ladder of SRNAs was observed between the mature milR-1 and the pre-milR-1 in the gjpX©
and gip®C mutants but not in the wild-type SRNA sample. In addition, the levels of the
SRNA ladder and pre-milR-1 were further increased in the gip“P mutant (Figure 3A and
3B). This ladder of SRNAs was singled-stranded because its gel mobilities did not change
after the RNA samples were heat denatured. These results indicate that another Neurospora
nuclease can progressively processes pre-milR-1 into mature milR-1 independent of QIP,
albeit very inefficiently. The accumulation of this small RNA ladder in the gjp mutants
suggests that these SRNAs are substrates of QIP, which prefers smaller RNA substrates. The
fact that the ladder of SRNAs accumulated to a higher level in the gjp“? mutant than the
@ip®P mutant suggest that the catalytically dead QIP can protect these small RNAs from
being degraded.

The generation of the SRNA ladder requires the QDE-2 Argonaute since it was completely
absent in the gde-27/ mutant (Figure 3C). Furthermore, the SRNA ladder was also
abolished in the gde-27!F, gip’© double mutants with or without the expression of the
catalytic dead form of QIP (Figure 3D). These results suggest that in addition to QIP,
QDE-2 may recruit another nuclease to progressively process pre-milR-1 to generate the
substrates for QIP.

Exosome is required for the maturation of milR-1 milRNAs

To identify the nuclease, we screened various nuclease knock-out mutants available in the
Neurospora knock-out library for genes involved in milR-1 production (Colot et al., 2006).
Among these mutants, the 770659 mutant showed a reduced level of mature milR-1 (Figure
4A). rrp6 (NCU02256) encodes the Neurospora sequence homolog of the yeast RRP6,
which is a component of the exosome complex. The RNA exosome, a highly conserved
large complex consisting of several 3’ to 5’ exonucleases, is a major regulator of RNA
(rRNA, mRNA, and noncoding RNA) metabolism as it mediates 3’ to 5° RNA processing
and degradation (Houseley et al., 2006; LaCava et al., 2005; Vanacova et al., 2005). In the
budding yeast, the exosome functions require Mtr4dp, which is an essential co-factor of the
exosome and part of the TRAMP (Trf4/Air2/Mtrdp Polyadenylation) complex that
polyadenylates RNA substrates (Houseley and Tollervey, 2006; LaCava et al., 2005;
Vanacova et al., 2005). As in yeast, the knock-out of rrp6is not lethal in Neurospora,
indicating that RRP6 is not essential for exosome functions.

We previously performed deep sequencing and 5° RACE experiments on the QDE-2-
associated SRNAs (Lee et al., 2010). In our analysis of the milR-1-related SRNA reads, we
found that almost all pre-milR-1 and mature milRNA reads shared the same 5° U position,
but that their 3’ends were heterogeneous with sizes ranging from ~17 to 33 nt. This
observation suggests that pre-milR-1 is subjected to 3’-5’ enzymatic trimming. In addition,
some of pre-milR-1 and mature milRNA reads had one to three 3’ untemplated adenosines
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(Figure 4B). The presence of these untemplated adenosines in the milR-1 pre-milRNA and
mature milR-1 reads also suggests that they are exosome substrates.

To demonstrate the role of exosome in milR-1 production, we examined the strains in which
the essential Neurospora exosome components were inducibly knocked-down by expression
of dsSRNA specific for the gene of interest. RRP44 (also called Dis3), a member of the
RNase 11 family, is the core catalytic subunit of the yeast and Neurospora exosome complex
(Dziembowski et al., 2007; Guo et al., 2009; Schneider et al., 2007). FRH (FRQ-interacting
RNA helicase) is the Neurospora sequence and functional homolog of the yeast Mtr4p
(Cheng et al., 2005; Guo et al., 2009). Long inverted repeats specific for these genes were
under the control of quinic acid (QA)-inducible promoter, so that in the presence of QA, the
gene of interest was specifically silenced by the expression of dSRNA (Cheng et al., 2005).
As shown in Figure S2A, the additional QA resulted in dramatic reduction of cell growth of
both dsrrp44 and dsfrh strains, indicating the essential roles rrp44 and frfin cell growth.
Northern blot analysis showed that the addition of QA resulted in a near complete
disappearance of mature milR-1 and a dramatic increase of pre-milR-1 levels in both
dsrrp44 and dsfrh strains (Figure 4C). To further confirm this result, we created two
additional strains, dssrp4 and dsmir3, in which two other exosome components, rrp4 and
mitr3, respectively, can be inducibly knocked-down. As expected, the silencing of rrp4and
mitr3also resulted in the decrease of mature milR-1 and increase of pre-milR-1 levels
(Figure 4D). In addition, deletion of one of the two of the NMeurosporahomolog of air2?
(NCUO04617) also resulted in a significant reduction of mature mi/R-1 (Figure S2B).
Together, these results indicate that exosome is essential for the maturation of milR-1
milRNAs.

To examine whether the RNA exosome is responsible for the generation of the single-
stranded small RNA ladder seen in the gio/<© strains, we compared the milR-1 profiles in
the wild-type, dsfrh, dsrrp44, gip’<C, and gip©P strains. In addition, we also created a gip’<©
strain (gip©, dsfrh) in which fr# can be inducibly silenced. As shown in Figure 4E and
Figure S2C, the silencing of frh or rrp44 abolished the production of the SRNA ladder in the
wild-type and gipX© strains. These results indicate that exosome is required for processing
pre-milR-1 into the single-stranded small RNA ladder seen in the gjp mutants.

QDE-2 mediates the processing pre-milR-1 by the exosome

Because of the essential role of the exosome in mediating the QDE-2-dependent milR-1
maturation, we tested whether QDE-2 interacts with exosome /in vivo. An
immunoprecipitation assay using an anti-FRH antibody showed that Myc-QDE-2 co-
precipitated with FRH in an RNA-independent manner (Figure 5A). In addition, we have
previously shown that FRH associates with the core exosome components (Guo et al.,
2009). There results suggest that QDE-2 recruits the exosome to process pre-milR-1.

To demonstrate the role of exosome in mediating the QDE-2-dependent milR-1 maturation,
we expressed and purified the full-length MBP-tagged QDE-2 in E. coli (Figure 5B). The
budding yeast exosome homoenzyme is currently the only active eukaryotic exosome
complex that can be reconstituted /n7 vitro (Liu et al., 2006). Therefore, to obtain a functional
exosome complex, we purified the budding yeast core exosome complex by tandem-affinity
purification using a TAP-tagged RRP46 strain (Callahan and Butler, 2010). To examine
whether the recombinant QDE-2 is functional, we performed a RISC assay to examine
whether MBP-QDE-2 was able to mediate single-stranded siRNA-dependent RNA cleavage.
As shown in Figure 5C, like the human Ago2 protein, MBP-QDE-2 sliced the RNA target
into the expected size, indicating that MBP-QDE-2 is functional. We then examined whether
MBP-QDE-2 facilitated the processing of the single-stranded pre-milR-1 by the exosome.
As shown In Figure 5D, although exosome alone only showed weak processing activity
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towards the synthetic single-stranded pre-milR-1, the addition of MBP-QDE-2 but not MBP
to the exosome dramatically increased the 3’-5” trimming of the pre-milR-1, resulting in a
small RNA ladder similar to what we observed in the gijp mutants. Although the optimal
activity of exosome requires is known to require the TRAMP complex (LaCava et al., 2005),
this result indicates that QDE-2 can promote the activity of exosome to pre-milR-1. In
addition, exosome could not process double-stranded pre-milR-1 with or without QDE-2
(Figure S3 & Figure 6D), consistent with its known activity only on single-stranded RNAs.
Together, these results suggest that QDE-2 recruits the exosome and promotes its trimming
of the single-stranded pre-milRNAs. However, the double-stranded pre-milR-1 needs to be
unwound into single-stranded to allow exosome-mediated processing.

QIP is an exonuclease required for the QDE-2-dependent milR-1 maturation in vitro

Because pre-milR-1 is associated with QDE-2 and QDE-2 associates with exosome factors
in Neurospora, we then examined whether QIP can process the QDE-2-bound pre-milR-1
purified from Neurospora into mature milR-1. In a wild-type strain, immunoprecipitation of
QDE-2 pulled down both the mature single-stranded milR-1 and the double-stranded pre-
milR-1 (Figure S4A). The QDE-2-bound pre-milR-1 is double-stranded because the
denatured (boiled) RNA sample exhibited significantly increased the mobility relative to a
sample that was not denatured.

To specifically obtain the QDE-2-pre-milR-1 complex, we immunoprecipitated QDE-2 from
the gip© mutant extracts and used the immunoprecitates as substrates for the QIP nuclease
assays (Figure S4B). The use of QDE-2-bound SRNA from the gio’<© mutant ensured that
only pre-milR-1 but not the mature milR-1 was immunoprecipitated. The resulting SRNAs
were extracted, separated on a native gel, and analyzed by northern blot analysis with a
probe specific for milR-1. As shown in Figure 6A, immunoprecipitation of QDE-2 in the
qip’<© mutant indeed only pulled down pre-milR-1, supporting the notion that pre-milR-1 is
the precursor of mature milR-1. The addition of recombinant QIP, but not QIPCP, to the
reaction resulted in the complete disappearance of the double-stranded pre-milR-1 and the
appearance of single-stranded SRNA species similar to the mature milR-1 milRNAs in size.
This in vitro complementation result indicates that QIP is an exonuclease that directly
processes the QDE-2-bound pre-milR-1 into mature milRNAs.

QIP separates the QDE-2-associated double-stranded pre-milR-1 and collaborates with
exosome to process pre-milRNA into milRNAs

Because exosome cannot process double-stranded pre-milRNAs, a factor is required to
separate the pre-milR-1 duplex or remove the pre-milR-1* strand to generate single-stranded
substrates for exosome. It has been long hypothesized that factors may exist that unwind the
siRNA and miRNA duplexes loaded onto Argonaute proteins, but no such factor with
dsRNA strand separation activity has yet been identified (Haley and Zamore, 2004;
Matranga et al., 2005). We initially identified QIP as a QDE-2-interacting protein that is
required for the removal of passenger strands of SiRNA from the QDE-2 associated siRNA
duplex (Maiti et al., 2007). Although a small amount of exosome-processed single-stranded
RNAs was observed in the gjp mutants (Figure 3), which is likely due to spontaneous strand
separation of the QDE-2-bound pre-milR-1, the vast majority of the pre-milR-1 is in duplex
form. In addition, the levels of the pre-milR-1 duplex are dramatically increased in the gip
mutants (Figures 2A and 3). These observations raised the possibility that QIP has the ability
to separate the QDE-2-bound pre-milR-1 duplex into single-strands. Interestingly, the
budding yeast sequence homolog of QIP, Gfd2p, was previously identified as a high-copy
suppressor of a DEAD-box RNA helicase mutant (Estruch and Cole, 2003).

Mol Cell. Author manuscript; available in PMC 2013 May 11.



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

1duasnuey Joyiny vd-HIN

Xue et al.

Page 7

To test this hypothesis, we examined whether the recombinant QIP separate the QDE-2-
bound pre-milR-1 into single strands. The immunoprecipitates of QDE-2 from the gip’<©
strain was used in the assay, so that most of pre-milR-1 was in duplex form. Because the
milRNA strand of the pre-milR-1 is rapidly converted into smaller RNA species (Figure
6A), we performed northern blot analysis specific for the milRNA* strand. As shown in
Figure 6B, the addition of QIP in the reaction resulted in the disappearance of the pre-
milR-1 duplex and the appearance of a small RNA band that was identical in size as the
single-stranded full-length pre-milR-1*, indicating the separation of the QDE-2-bound
double-stranded pre-milR-1. In addition, the recombinant QIP is also able to convert the
synthesized double-stranded pre-milR-1 /n vitro into single-stranded (Figure S4C).
Together, these results indicate that QIP is a factor that can separate SRNA duplex and can
also degrade single-stranded sSRNA. It should be noted that the duplex separation ability of
QIP also require QDE-2 in vivo, since pre-milR-1 and siRNA are maintained in duplex
forms in the gde-2 mutant (Figure 2) (Maiti et al., 2007). It is likely that QIP requires
QDE-2 to recruit double-stranded RNA substrates.

Titration of the recombinant QIP in the assay using QDE-2-bound pre-milR-1showed that as
the concentration of QIP increased, the levels of the single-stranded pre-milR-1* first
increased and then decreased at high QIP concentrations (Figure 6C, right panel). This result
indicates that the duplex pre-milRNAs were first separated into single strands before being
processed. We failed to detect a significant amount of smaller processed pre-milR-1*
products, suggesting that the pre-milRNA* strand was processed into very small sizes that
could not be detected by our northern blot analysis. In contrast, when we analyzed the
milR-1 strand products, an increasing concentration of QIP resulted in increases in levels of
single-stranded SRNAs similar in sizes as the mature milRNAs, and the full-length single-
stranded pre-milR-1 was not easily detected (Figure 6B, left panel). These experiments
indicate that after strand separation, the milR-1 strand of pre-milRNA is immediately and
progressively processed by QIP and exosome to maturation. As many miRNAs in animal
and plants, milR-1 is the predominant species and that little milR-1* milRNA is produced /n
vivo (Lee et al., 2010). Thus, our /n vitro reconstitution results recapitulate this highly
selective processing and maturation step.

Why is pre-milR-1 processed to maturation and pre-milR-1* degraded away? What
determines the sizes of mature milR-1 milRNAs? The differences in QIP processing
efficiency and end products between the milR-1 and milR-1* strands of pre-milRNA
indicate that the same nucleases act on them differently. The much slower degradation rate
of the full-length pre-milR-1* strand in the /n vitro reactions suggests that it dissociates from
the QDE-2-pre-milRNA complex after duplex separation, making it less accessible to QIP
and exosome. Supporting this notion, we found that in Meurospora, while QDE-2 is
associated with single-stranded processed pre-milR-1 species, no QDE-2-bound single-
stranded pre-milR-1* species could be detected (Figure S4D). Thus, the different outcomes
of pre-milR-1 and pre-milR-1* should be due to the binding of pre-milR-1 by QDE-2.
Together, these results suggest that upon strand separation, pre-milR-1* dissociates from
QDE-2 and is degraded away, while pre-milR-1 remains associated with QDE-2 and is
progressively processed by QIP and exosome. Thus, the sizes of the mature milR-1 are
determined by the region of pre-milRNA that is protected by QDE-2 from nuclease
processing.

Because of the association of between QDE-2 and FRH, which is known to associate with
RRP44 in Neurospora (Guo et al., 2009), a small amount of exosome should exist in the
QDE-2 immunoprecipitates used in the QIP nuclease assays. To determine the role of
exosome in milR-1 maturation, we performed the assay using a limiting amount of QIP and
different concentrations of purified core exosome complex. As shown in Figure 6C,
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although this concentration of QIP could only modestly increase the level of mature milR-1,
the addition of exosome led to a dramatic increase of mature milR-1 levels. In contrast,
exosome alone had little effects on pre-milR-1 processing in the absence of QIP. This in
vitroresult is consistent with our genetic results and indicates that the maturation of milR-1
is a collaborative process requires QDE-2, QIP and exosome. QDE-2 recruits both QIP and
exosome to pre-milRNA-1. The processing of pre-milR-1 by the exosome requires the
strand-separation of pre-milRNA duplex by QIP. On the other hand, exosome can generate
substrates for QIP. Afterwards, both exosome and QIP contribute to the processing and
maturation of milR-1. Together, our results present above establish the biochemical basis for
an Argonaute-dependent SRNA biogenesis pathway.

The role of exosome in degrading other milRNAs and siRNAs

The essential role of exosome in milR-1 production also prompted us to examine whether it
regulates other NeurosporamilRNAs and siRNA. Like milR-1, the production of milR-2
milRNAs also requires QDE-2, but milR-2 biogenesis requires the catalytic activity of
QDE-2 and is produced independent of Dicer (Lee et al., 2010). On the other hand, milR-3,
like most plant and animal miRNAs, requires only Dicer for its biogenesis. Except for
milR-1, no other known milRNAs requires QIP for biogenesis. As shown in Figure 7A, the
silencing of either rrp44 or frhin Neurospora resulted in significant increases in levels of
milR-2 and milR-3 milRNAs. Similarly, silencing of rrp44in an albino-2 (al-2) quelled
strain also resulted in an increase of the a/-Z-specific SIRNA (Figure 7B). These results
suggest that exosome is important for the decay of siRNAs and these two milRNAs and is
not required for their maturation. Together, our results indicate that the exosome has at least
two different roles in SRNA regulation in NMeurospora. 1t mediates SRNA degradation and, in
the case of milR-1 and perhaps other small RNAs, is directly involved in the maturation by
3’-5” processing.

Discussion

Argonaute-dependent SRNA biogenesis are found in many organisms. Here, by using the
NeurosporamilR-1 milRNA as an example, we established a biochemical mechanism for an
Argonaute-dependent SRNA production process and uncovered the collaborative and distinct
roles of the Argonaute QDE-2, exosome and QIP in the milR-1 maturation process. Our
biochemical and genetic results suggest that the maturation of milR-1 is a five-step process
(Figure 7C). First, the 170-nt pri-milR-1 is directly cleaved by Dicer to generate the ~33-nt
double-stranded pre-milRNA. Although we showed that the recombinant DCL-2 is
sufficient to convert pri-milRNA into the functional pre-milR-1, pre-milR-1" was not
produced by Dicer cleavage /in vitro, and it is likely that additional factors are involved in
this step /n vivo. We previously showed that the down-regulation of MRPL3, a putative
RNAse 11l domain-containing protein, resulted in a decrease in the levels of pre-milR-1 (Lee
et al., 2010), suggesting that MRPL-3 may also participate in this process.

The second step is Argonaute QDE-2 binding of the duplex pre-milRNA. Third, QIP, which
is recruited by QDE-2, separates the pre-milRNA duplex into single-stranded RNAs in
collaboration with QDE-2; the pre-milRNA strand remains QDE-2-associated, and the pre-
milRNA* strand is released from the complex and degraded way. We demonstrated that QIP
is indeed a 3’ to 5’exoribonuclease (Figure 2C) and importantly, it also posses an activity
that can trigger the stand-separation of QDE-2 associated duplex RNA /n vitro (Figure 6 and
Figure S4C). The role of QIP in strand-separation of the pre-milR-1 duplex /in vivo was
further supported by the increase of pre-milR-1 duplex levels in gip mutants (Figures 2 and
3) and by its role in converting the QDE-2-associated siRNA duplex into single strands
(Maiti et al., 2007). Because both pre-milR-1 and siRNA are maintained in duplex forms in
gde-2 mutants (Figure 2) (Maiti et al., 2007), QDE-2 should also contributes to the duplex
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seapation process /n vivo. This notion is consistent with the existence of low levels of
single-stranded pre-milRNA in the gjp mutants (Figure 3) and with previous results that the
Drosophila Agol can passively separate miRNA duplexes /in vitro (Kawamata et al., 2009).
The ability of QIP to separate QDE-2-bound duplex pre-milRNA and its role in SiRNA
RISC activation suggest that strand-separation of Argonaute-bound duplex siRNA and
miRNA is an important step in the activation of siRISC and miRISC. Our results and the
fact that the budding yeast homolog of QIP, Gfd2p, was identified as a high copy suppressor
of an RNA helicase mutant (Estruch and Cole, 2003) suggest that similar exoribonucleases
may also posses dsSRNA strand-separation activity.

The selective dissociation of the milRNA* strand of the pre-milR-1 from QDE-2 is likely
pre-determined by the asymmetric loading of the duplex pre-milRNA onto QDE-2, so that
the strand separation process preferentially dissociates milRNA* strand from the complex.
The asymmetric loading of SiRNAs, duplex-miRNAs, and pre-piRNAs into Argonaute
proteins was recently suggested to be due to the selective binding of Argonaute proteins to
small RNAs with a 5” U (Kawaoka et al., 2011; Mi et al., 2008; Seitz et al., 2011). The pre-
milR-1 milRNA strand also has a strong preference for 5’ U, thus, the asymmetric loading of
the pre-milRNA duplex may be due to the selective binding of QDE-2 to the pre-milRNA
strand.

In the fourth step, the exosome trims the QDE-2 bound pre-milRNAs from 3’ to 5’ end into
SRNAs of intermediate sizes. Our conclusion that the exosome carries out this trimming is
supported by several lines of evidence. Recombinant QIP cannot efficiently process the
single-stranded full-length pre-milR-1and prefers shorter pre-milR-1 substrates (Figure 2).
In addition, there is the accumulation of a ladder of single-stranded pre-milRNAs with sizes
between the mature milR-1 and pre-milR-1 in the gip mutants (Figure 3), indicating that QIP
can only efficiently process pre-processed pre-milR-1. Importantly, the silencing of the
essential exosome components in Neurospora abolishes the QDE-2-dependent maturation of
milR-1 and the production of the processed pre-milRNA ladder, indicating that the exosome
is required for milR-1 maturation and is responsible for the generation of the prem-milR-1
substrates for QIP. Furthermore, even in the absence of QIP, a low level of the processed
pre-miRNA with sizes similar to the mature milR-1 can be observed (Figures 3B and C),
suggesting that exosome alone is able to convert pre-milRNA into mature milRNA, albeit
very inefficiently.

In the fifth and final step, the exosome-processed pre-milRNAs are further processed into
mature milRNAs in a process involving both QIP and exosome. The accumulation of the
intermediate-sized partially processed pre-milRNAs in the gjp mutants indicates that they
are substrates of QIP. Supporting this notion, QIP can efficiently convert this ladder of
processed pre-milRNAs into mature milRNA /n vitro (Figure 6). In addition, we found that
the addition of exosome strongly promoted the QIP-mediated maturation of QDE-2-bound
pre-milRNA (Figure 6C), indicating that QIP and exosome collaborate in the 3’ to 5’
progressive trimming of pre-milR-1 into the mature milRNAs.

Our results also shed important insights in the role of Argonauate protein in small RNA
maturation. Based on our results, the Argonaute QDE-2 has three essential roles in the
milR-1 maturation process: 1) it binds to pre-milR-1 and determines which milR-1 strand
will be matured, 2) it recruits exoribonucleases to process pre-milR-1, and 3) it determines
the sizes of milR-1 by protecting the mature milR-1 from further processing. We showed
that the duplex pre-milR-1 was first become single-stranded before being proceed, however,
pre-milR-1 and pre-milR-1* have complete different outcome after processing: while pre-
milR-1 was matured into milR-1, the pre-milR-1* was degraded away. In addition, we
showed that although the single-stranded pre-milR-1 is associated with QDE-2, the single-
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stranded pre-milR-1* is not (Figure S4D). This result is also consistent with the much
slower degradation kinetics of pre-milR-1* than that of pre-milR-1 (Figure 6C) and the fact
that QIP can degrade the synthetic unprotected pre-milR-1 into very small RNA fragments
(Figure 2E). Thus, the different processing outcomes of pre-milR-1 and pre-milR-1* is due
to the binding of pre-milR-1 by QDE-2.

Crystal structure of an archaeal Argonaute suggested both the 5” and 3’ ends of the guide
RNA are anchored on the protein and the 5’ end of the guide RNA is anchored within a
highly conserved basic pocket, suggesting that when in a complex, ~21nt from the 5’end of
the small RNA are in complex with and protected by Argonaute (Ma et al., 2005; Parker et
al., 2004; Wang et al., 2008). Although the association between QDE-2 and pre-milR-1
protect the region containing the mature milR-1, the 3’ ends of the large pre-milR-1 should
be accessible by the nucleases. Thus, the sizes of mature milR-1 are determined by the
region of pre-milR-1 that is protected by QDE-2 from further processing.

Recently, a cell-free system derived from a silkworm ovary-derived cell line was established
and was shown to recapitulate key steps of animal piRNA biogenesis (Kawaoka et al.,
2011). The proposed 3’ end trimming model for piRNA maturation is very similar to that we
proposed for biogenesis of the NMeurosporamilR-1. However, the enzyme or enzymes that
trim the piRNA-precursor in a PIWI-dependent manner have not been identified. Our study
suggests that the highly conserved RNA exosome and DEDDh superfamily of exonucleases
may function as the trimmer enzymes in piRNA and other small RNA processing. Since the
submission of our paper, the putative exoribonuclease Nibbler has been shown to modify the
3’ ends of mature miR-34 miRNAs in Drosophila (Han et al., 2011; Liu et al., 2011).
Interestingly, even though QIP and Nibbler are not sequence homologs, they both belong to
the DEDDh superfamily of the ribonuclease. In addition, miR-451 in vertebrates is also
generated by an Argonaute-dependent mechanism that is similar to that of the milR-2 in
Neurospora (Cheloufi et al., 2010; Cifuentes et al., 2010; Lee et al., 2010; Yang et al., 2010).
For these two miRNAs, however, the slicer activity of the Argonaute proteins is required to
generate miRNA precursors before they are trimmed into maturation by un-identified
nuclease.

Exosome components were previously suggested to be involved in small RNA decay (Bail
et al., 2010; Halic and Moazed, 2010; Ibrahim et al., 2010), and exosome has also been
shown to process the 3’ ends of some Drosophila mirtron-derived miRNAs (Flynt et al.,
2010). In the fission yeast, the Argonaute-dependent priRNA levels and size distributions
were found to be modestly effected in a d7is3 mutant (Halic and Moazed, 2010), but a clear
role for exosome in priRNA production is still unclear. In Neurospora, exosome is clearly
essential for NMeurospora milR-1 maturation. On the other hand, we found that the silencing
of the exosome components resulted in the significant accumulation of siRNA and other
milRNAs examined (Figure 7), indicating that exosome also functions in SRNA decay
pathways in Neurospora. Therefore, exosome has at least two opposing roles in regulating
SRNA levels.

Experimental Procedures

Strains, growth conditions, and protein purification

Dicer assay

Please see Supplemental Experimental Procedures.

Uniformly radiolabeled dsRNA or pri-milR-1 substrates were prepared and the Dicer
reactions carried out essentially as previously described (Bernstein et al., 2001). The a/-2
gene was used as the template for T7 /n vitro transcription. Briefly, in a 10 I reaction, 10°
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cpm [32P]-labeled RNA substrate and 1 mM ATP were incubated with different amounts of
His-DCL-2 in buffer (100 mM potassium acetate, 10 mM HEPES (pH 7.4), 1 mM
magnesium acetate) for 30 minutes at 30°C. For dsSRNA substrates, 14 ng, 54 ng, 136 ng,
and 1.36 pg His-DCL-2 was used. For pri-milR-1a substrates, 0.68 g, 1.36 g, and 4.98 g
His-DCL-2 was used. The products were resolved on 16% denaturing or native
polyacrylamide gels, and gels were exposed to X-ray film.

Northern blot analysis

Small RNAs were separated on 16% denaturing or native polyacrylamide gels and
transferred onto a Hybond-NX membrane (GE Healthcare). Crosslinking of RNA to
Hybond-NX was performed as described (Pall et al., 2007). Northern blots were carried out
as previously described (Lee et al., 2010).

Exonuclease processing assay

Single-stranded let-7 (UGAGGUAGUAGGUUGUAUAGUU), let-7 antisense
(CUAUACAACCUACUACCUCAUVU), let-7 star (CUAUACAAUCUACUGUCUUUCQ),
pre-milR-1 (UAAGCCGCGAGUACGCCUCCGGACUGUAACUUU), pre-milR-1 30
(UAAGCCGCGAGUACGCCUCCGGACUGUAAQC), pre-milR-1 27
(UAAGCCGCGAGUACGCCUCCGGACUGU), pre-milR-1 25
UAAGCCGCGAGUACGCCUCCGGACU), pre-milR-1 22
(UAAGCCGCGAGUACGCCUCCGGACUGUAACUUU, and pre-milR-1 star
(GGUUACAGCCCCCGGGACGCACUACGGUUUAUA) were synthesized by Sigma and
radiolabeled at their 5” ends by T4 polynucleotide kinase (New England Biolabs). For 3’ end
labeling, RNA oligos were radiolabled at their 3’ends by T4 RNA ligase with 32pCp (New
England Biolabs).

In a 10 pl reaction, 10° cpm [32P]-labeled RNA substrate and 1 mM ATP were incubated
with 0.5 g His-QIP or His-QIPCP in buffer X1 (10 mM Tris-HCI (pH 7.4), 12.5 mM
potassium acetate, 5 mM magnesium acetate, 1 mM DTT) for 30 minutes at 30°C. The
reaction was stopped as described (Bernstein et al., 2001; Elbashir et al., 2001). The
products were resolved on 20% denaturing polyacrylamide gels.

Small RNA immunoprecipitation

Immunopurification of the Myc-QDE-2 ribonucleoprotein complex was performed as
previously described (Maiti et al., 2007) except that beads were washed with buffer X1
instead of the extraction buffer.

Co-Immunoprecipitation

Co-immunoprecipitation was performed as previously described (Cheng et al., 2005) with
the following modifications: Before adding FRH antibody into the protein solution, 100 pl
20 mM DTSSP solution (Thermo #21578) was added to 1 ml protein solution (at 1 mg/ml).
The reaction was quenched with 20 I 1 M Tris solution after a 4-hour incubation at 4 °C.

siRNA-initiated RISC assay

The single-stranded let-7 was used as the guide strand to perform the siRNA-initiated RISC
assay previously described (Liu et al., 2003). The mRNA substrate containing one let-7
target site was prepared as described (Liu et al., 2003).

Exosome processing assay

The exosome processing assay was performed using the procedure described for the
exonuclease processing assay except that MBP-QDE-2 was incubated with [32P]-labeled
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RNA substrate and 1 mM ATP in buffer X1 for 30 minutes at 30 °C, and then exosome was
added to the reaction for 30 minutes at 30 °C.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Recombinant DCL -2 processes pri-milR-1 into pre-milR-1in vitro

(A) A model of the milR-1 biogenesis pathway showing that the production of milR-1
requires Dicer, Argonaute protein QDE-2, and the putative exonuclease QIP.

(B) The Coomassie blue stained SDS-PAGE gel showing the purified His-DCL-2 from Sf9

cells.

(C) Dicer assay using radiolabeled dsRNA as the substrate.
(D) Dicer assay using radiolabeled pri-milR-1 as the substrate.
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Figure2. QIPisa 3 -5 exonuclease and prefersshort pre-milR-1 as substratesin vitro

(A) Northern blot analysis showing the level of pre-milR-1 and milRNAs in the indicated
strains in denaturing gels. The ethidium bromide-stained gel in the bottom panel shows

equal loading of RNA samples.

(B) The Coomassie blue stained SDS-PAGE gel showing purified His-QIP and His-QIPCP

from Sf9 cells.

(C) Indicated 5’ [32P] radiolabeled synthetic small RNAs incubated with buffer and His-

QIP. The products were separated by a denaturing gel.
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(D) Indicated 3’ [32P] radiolabeled synthetic small RNAs were treated with/without alkaline
phosphatase (AP) before they were incubated with buffer and His-QIP. The products were
separated by a denaturing gel.

(E) Indicated 5’ [32P] radiolabeled synthetic pre-milR-1 RNAs were incubated with buffer
and His-QIP. The products were separated by a denaturing gel.
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Figure 3. A QDE-2-dependent ladder of processed pre-milR-1is produced independent of QIP
(A - D) Northern blot analysis of small RNA samples separated on native gels showing the
levels of milR-1 pre-milRNAs and milRNAs in the indicated strains. “D” indicates that
RNA samples were denatured by boiling. “N” represents native RNA samples.
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Figure 4. The exosome complex isrequired for milR-1 maturation and isresponsible for the
generation of the single-stranded pre-milR-1 ladder in the gip mutants

(A) Northern blot analysis of small RNA samples separated in denaturing gels showing the
levels of milR-1 pre-milRNAs and milRNAs in the indicated strains.

(B) Representative small RNA species with untemplated adenosines identified by Solexa
deep sequencing analysis.

(C) & (D) Northern blot analysis of small RNA samples separated in denaturing gels
showing the levels of milR-1 pre-milRNAs and milRNAs in the indicated strains. dsfr#7and
dsrrp44 are the dsSRNA knockdown strains in which frf1or rrp44 dsRNA expression is
induced by QA.
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(E) Northern blot analysis of small RNA samples separated in native gels showing the levels

of milR-1 pre-milRNAs and milRNAs in the indicated strains. “D” indicates that RNA
samples were denatured by boiling. “N” represents native RNA samples.
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Figure 5. QDE-2 interacts with an exosome component and promotes the trimming of single-
stranded pre-milR-1 by the exosome

(A) Western blot analysis showing the result of immunoprecipitation with the anti-FRH
antibody in the Myc-QDE-2 strain. Cell extract was incubated with/without RNase A before
immunoprecipitation. Immunoprecipitation with the FRH pre-immune (PI) serum was used
as the negative control.

(B) The Coomassie blue stained SDS-PAGE gel showing purified MBP-QDE-2 from E.
coli, and the silver stained SDS-PAGE gel showing purified core exosome complex from S.
cerevisiae.

(C) siRNA-initiated RISC assays performed with human Ago2 (hAgo) or MBP-QDE-2.
(D) 5° [32P] radiolabeled single-stranded pre-milR-1 incubated with the indicated purified
proteins. The products were separated by a denaturing gel.
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Figure 6. QI P unwinds the QDE-2-bound pre-milR-1 duplex and then processit to maturation
together with exosome

(A) Myc-QDE-2 immunoprecipitated RNAs from the i’ strain was incubated with the
QIP recombinant proteins. The products were separated by a native gel, and northern blot
was probed with a milR-1 specific star-fire probe.

(B & C) Pre-milRNA processing assays using QDE-2 immunoprecipitates from the gjp<©
strain and the indicated recombinant proteins. The reaction products were separated by
native gels, and the northern blot was probed with a milR-1* or milR-1 specific probe. For
the experiment in (A & B), 0.5ug His-QIP or His-QIPCP was used. For the experiment in
(C), 0.25u.9, 0.59, 1pg, 2ug His-QIP were used. Independent QDE-2 immunoprecipitation
products from the gjpX© strain were used in these experiments.

(D) Exosome promotes the QIP-dependent maturation of milR-1 /n vitro. Pre-milRNA
processing assays were performed by using QDE-2 immunoprecipitates from the gijp<©
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strain and different concentrations of exosome (87ng, 175ng, or 0.7.g). For reactions

containing QIP, 60ng His-QIP was used. The reaction products were separated by a native
gel. Northern blot was probed with a milR-1 specific probe.
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Figure 7. Exosomeisimportant for the decay of other milRNAsand siRNAs

(A) Northern blot analysis of small RNA samples separated in a denaturing gel showing the
levels of milR-2 and milR-3 in the indicated strains.

(B) Northern blot analysis of small RNA samples separated in a denaturing gel showing the

level of a/-2siRNA in the indicated strains.

(C) A model of milR-1 biogenesis pathway from pri-milRNA. See discussion for details.
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