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SUMMARY

MicroRNAs (miRNAs) are typically generated as ~22-
nucleotide double-stranded RNAs via the processing
of precursor hairpins by the ribonuclease Ill enzyme
Dicer, after which they are loaded into Argonaute
(Ago) proteins to form an RNA-induced silencing
complex (RISC). However, the biogenesis of miR-
451, an erythropoietic miRNA conserved in verte-
brates, occurs independently of Dicer and instead
requires cleavage of the 3’ arm of the pre-miR-451
precursor hairpin by Ago2. The 3’ end of the Ago2-
cleaved pre-miR-451 intermediate is then trimmed
to the mature length by an unknown nuclease.
Here, using a classical chromatographic approach,
we identified poly(A)-specific ribonuclease (PARN)
as the enzyme responsible for the 3'-5' exonucleo-
lytic trimming of Ago2-cleaved pre-miR-451. Surpris-
ingly, our data show that trimming of Ago2-cleaved
precursor miRNAs is not essential for target
silencing, indicating that RISC is functional with miR-
NAs longer than the mature length. Our findings
define the maturation step in the miRNA biogenesis
pathway that depends on Ago2-mediated cleavage.

INTRODUCTION

MicroRNAs (miRNAs) are endogenous, small, noncoding RNAs,
which regulate gene expression in diverse biological processes.
miRNAs and Argonaute (Ago) proteins form the effector com-
plex, known as RNA-induced silencing complex (RISC), and
silence their complementary target mRNAs. Among four Ago
proteins (Ago1-Ago4) in mammals, only Ago2 has the endonu-
cleolytic “slicer” activity (Liu et al., 2004; Meister et al., 2004),
whereas all four are capable of repressing translation or promot-
ing deadenylation and decay of target mRNAs. In the canonical
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biogenesis, miRNAs are produced as double-stranded RNAs
via sequential cleavage of their precursors by two ribonuclease
(RNase) Ill enzymes, Drosha and Dicer; primary miRNA tran-
scripts are first cropped by Drosha in the nucleus, and the resul-
tant 60-70 nt precursor miRNA (pre-miRNA) hairpins are then
diced by Dicer into ~22 nt miRNA/miRNA* duplexes in the
cytoplasm, after which they are loaded into Ago proteins to
form RISC (Carthew and Sontheimer, 2009; Ghildiyal and Za-
more, 2009; Kim et al., 2009). However, several miRNA classes
bypass the requirement of these RNase Ill enzymes. For
example, intron-derived miRNAs, called mirtrons (Okamura
et al., 2007; Ruby et al., 2007); small nucleolar RNA (snoRNA)-
derived miRNAs (Brameier et al., 2011; Ender et al., 2008; Glazov
et al., 2009; Taft et al., 2009); tRNA-derived miRNAs (Cole et al.,
2009; Haussecker et al., 2010); and RNaseZ-mediated (Bogerd
et al.,, 2010) and Integrator-complex-mediated viral miRNAs
(Cazalla et al., 2011) are all produced in Drosha-independent
manners. In contrast, the biogenesis of miR-451, a highly
conserved erythropoietic miRNA in vertebrates, requires Drosha
but bypasses Dicer (Cheloufi et al., 2010; Cifuentes et al., 2010;
Yang et al., 2010). miR-451 is transcribed together with miR-144
from a bicistronic locus (Altuvia et al., 2005; Nelson et al., 2007)
and processed by Drosha into an unusually short, 41 to 42 nt pre-
miR-451 hairpin with a highly structured 17 nt stem region and 4
nt terminal loop. Pre-miR-451 is too short to be cleaved by Dicer
and is directly loaded into Ago proteins. Unlike canonical miRNA/
miRNA* duplexes, maturation of miR-451 requires the slicer
activity of Ago2; it has been shown that, in zebrafish, mice and
humans, Ago2 cleaves the 3 arm of pre-miR-451 by its slicer
activity and yields a 30 nt intermediate RNA, called Ago2-
cleaved pre-miR-451 (ac-pre-miR-451), whose 3’ end is then
trimmed to generate mature, ~23 nt miR-451 (Cheloufi et al.,
2010; Cifuentes et al., 2010; Yang et al., 2010). However, the
ribonuclease for this trimming reaction remains unknown. In
this study, by using a classical chromatographic approach,
we identified poly(A)-specific ribonuclease (PARN) as the 3’ trim-
ming enzyme required for maturation of Ago2-cleaved pre-miR-
NAs. Surprisingly, our in vitro and in vivo data show that trimming
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Figure 1. In Vitro Recapitulation of the miR-451 Trimming Reaction
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(A) The sequences and structures of pre-miR-451 and its derivatives used in (B)-(E). The miR-451 guide strand is shown in red. A black triangle indicates the Ago2-
cleavage site in pre-miR-451. Black lines show the nicks in ac-pre-miRNAs. WT, wild-type.
(B) Trimming of Ago2-loaded pre-miR-451 in vitro. The experimental scheme is shown on the left. Ago2-loaded pre-miR-451 was trimmed into mature miR-451 in

K562 lysate. See also Figure S1.

(C-E) The trimming reaction prefers adenosine to uridine. (C) Trimming of wild-type ac-pre-miR-451 showed prominent accumulation of 29 nt and 26 nt
intermediates bearing uridine at their 3’ ends. (D) Accumulation of the two intermediates was lost when the two uridines at positions 26 and 29 were substituted
with adenosines. (E) A new 28 nt intermediate emerged by ectopic introduction of uridine at position 28. The signal intensities of the bands at 2 hr (in red

rectangles) are quantified and plotted on the right of each gel.

of miR-451 is not essential for efficiency and fidelity of target
silencing, indicating that RISC is functional with guide RNAs
longer than the mature length. Our results have uncovered the
machinery responsible for trimming of Ago2-cleaved pre-miR-
NAs, providing a molecular mechanism for this unique form of
Dicer-independent miRNA biogenesis.

RESULTS

Recapitulation of Pre-miR-451 Maturation In Vitro

To dissect the trimming mechanism of pre-miR-451, we devel-
oped an in vitro pre-miR-451 maturation assay. In this assay,
5 32pP-radiolabeled pre-miR-451 (Figure 1A) was first loaded
into FLAG-tagged Ago2 immobilized on beads. After washing,
the Ago2:pre-miR-451 complex was incubated in K562 human
leukemia cell lysate. Ago2-mediated nicking of the 3’ arm
produced a 30 nt long, ac-pre-miR-451 (Figure 1B; time = 0),
which was progressively trimmed into 23 nt mature miR-451 in
K562 lysate (Figure 1B; time = 0.25-22). Trimming was recapitu-
lated when the reaction was started with prenicked ac-pre-miR-
451 (Figures 1A and 1C). As previously reported (Cheloufi et al.,
2010; Cifuentes et al., 2010; Yang et al., 2010), catalytic mutant
Ago2 as well as slicer-deficient Ago1, Ago3, and Ago4 could load
but failed to nick and process pre-miR-451 (Figure S1A). In
contrast, prenicked ac-pre-miR-451 loaded into these catalyti-

cally inactive Ago proteins was efficiently trimmed into mature
miR-451 in K562 lysate (Figure S1B). Thus, the trimming reaction
is not specific to Ago2 protein but rather requires nicking by
Ago2.

Trimming Is an Mg?*-Dependent 3'-5' Exonucleolytic
Reaction

Trimming may be catalyzed either endonucleolytically or exonu-
cleolytically. We reasoned that a modification within the RNA
region to be trimmed would block further exonucleolytic
processing, but this would not affect endonucleolytic processing
at unmodified positions. When we introduced a racemic phos-
phorothioate linkage between 28 and 29 of ac-pre-miR-451 or
a 2'-O-methyl group at position 28, a 29 nt intermediate was
accumulated and further trimming was suppressed in vitro (Fig-
ure S1C). Similarly, injection of a modified pre-miR-451 bearing
a phosphorothioate linkage between positions 26 and 27 in
zebrafish embryos resulted in accumulation of a 27 nt intermedi-
ate in vivo (Figure S1D). These results are consistent with 3'-5’
exonucleolytic trimming of ac-pre-miR-451 after Ago2-mediated
cleavage.

Many nucleases utilize a metal ion as a cofactor for their activ-
ity. Trimming of pre-miR-451 was blocked in the presence of
5 mM EDTA but was recovered by the addition of 10 mM Mg®*
(Figure S1E). In contrast, 10 mM of EGTA, which chelates
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Ca?*, did not affect trimming (Figure S1E). Together, these data
indicate that the pre-miR-451 trimming is an Mg?*-dependent
3'-5" exonucleolytic reaction.

The Trimming Reaction Shows a Nucleotide Preference
The kinetics of trimming in K562 lysate was not continuous; two
predominant intermediates of 29 nt and 26 nt in length were
accumulated before 23 nt mature miR-451 was produced (Fig-
ures 1B and 1C). This specific pattern was reminiscent of the
size distribution of miR-451 in vivo (Cheloufi et al., 2010;
Cifuentes et al., 2010; Yang et al., 2010). Interestingly, both inter-
mediates have uridine at their 3’ ends, implying that the trimming
reaction might prefer specific nucleotides. To test this idea, we
substituted the two uridines at positions 26 and 29 of ac-pre-
miR-451 with adenosines (Figure 1A; ac-pre-miR-451 26A29A),
whereas the facing positions (12 and 15) were substituted to
uridines to maintain the secondary structure. Compared to the
wild-type ac-pre-miR-451, the marked accumulation of the two
intermediates was lost in ac-pre-miR-451 26A29A (Figure 1D).
Ectopic introduction of uridine at position 28 (Figure 1A; ac-
pre-miR-451 26A29A+28U) resulted in the emergence of a new
28 nt intermediate (Figure 1E). Therefore, the trimming reaction
prefers adenosine to uridine.

It has been suggested that, in vivo, Ago2-processed ac-pre-
miR-451 is subject to oligouridylation at the 3’ end before it is
trimmed (Cheloufi et al., 2010; Cifuentes et al., 2010; Yang
et al., 2010). However, the impact of oligouridylation on the
trimming remains unknown. Given that the trimming reaction
disfavors uridines, oligouridylation of ac-pre-miR-451 may nega-
tively regulate the maturation process of miR-451. We prepared
ac-pre-miR-451 derivatives with 1-3 uridines at the 3’ end (Fig-
ure S1F; ac-pre-miR-451+1U-3U) and monitored their trimming
in K562 lysate. Contrary to our initial expectation, addition of 1-3
uridines did not detectably affect the kinetics of the trimming
reaction (Figure S1F). We reason that the trimming exonuclease
can process the dangling, single-stranded oligouridines at the 3’
end much more efficiently than the double-stranded stem region
in ac-pre-miR-451. We concluded that oligouridylation of ac-
pre-miR-451 is independent of the maturation of miR-451.

PARN, Poly(A)-Specific Ribonuclease Trims Ago2-
Cleaved Pre-miR-451

We next attempted to identify the trimming enzyme using clas-
sical column chromatography (Figure 2A). After an eight-step
purification, protein bands that showed close correlation with
the trimming activity (Figure 2B) were analyzed by mass spec-
trometry. Throughout the purification steps, the trimming activity
was eluted as single peaks, implying that there is one enzyme
that is predominantly responsible for the activity. Among the
mass spectrometry hits after the final chromatography, we found
PARN, a 73 kDa protein. PARN is widely conserved in many
eukaryotes and is implicated in poly(A) tail length control and
mRNA decay in both the nucleus and the cytoplasm (Goldstrohm
and Wickens, 2008; Weill et al., 2012). Biochemical studies have
shown that PARN has a preference for single-stranded poly(A)
(Astrom et al., 1991, 1992; Koérner and Wahle, 1997; Kdrner
et al., 1998; Martinez et al., 2000) and requires a divalent cation,
particularly Mg?*, for its activity (Ren et al., 2002, 2004). These

properties of PARN are consistent with the pre-miR-451 trim-
ming reaction we observed (Figures 1 and S1).

To confirm that PARN is the enzyme required for pre-miR-451
trimming, we depleted endogenous PARN by RNAI or overex-
pressed PARN in HelLa S3 cells (Figure 2C) and transfected a
plasmid expressing the primary transcript of miR-144/miR-451
cluster. The ectopic expression of miR-144/miR-451 in Hela
cells has been previously used to study Dicer independence
and structural requirements of miR-451 biogenesis (Yang et al.,
2010). Northern analysis showed that depletion of PARN mark-
edly decreased 23 nt mature miR-451, instead accumulating
the 26 nt intermediate (Figure 2D, middle). In contrast, overex-
pression of PARN reduced the fraction of the intermediates
and predominantly produced mature miR-451 (Figure 2D, right).
The lengths of miR-144 and endogenous let-7 were unaffected
by depletion or overexpression of PARN (Figure S2). Next, we
prepared lysates from PARN-knockdown cells or PARN-overex-
pressing cells and performed the in vitro trimming assay. Trim-
ming was extremely slow in PARN-knockdown lysate, whereas
23 nt mature miR-451 was much more rapidly produced in
PARN-overexpressing lysate when compared to the mock lysate
(Figure 2E). Moreover, purified recombinant PARN from E. coli
(Figure 3A) faithfully recapitulated trimming of Ago2-loaded
pre-miR-451 (Figure 3B), with the same nucleotide specificity
as observed in cell lysate (Figure 1C) and in cultured cells (Fig-
ure 2D). In contrast, mutating a catalytic residue of PARN
(ES0A; Figure 3A) blocked the trimming activity (Figure 3C).
Much as in lysate, recombinant PARN could trim Ago2-cleaved
pre-miR-451 as well as prenicked ac-pre-miR-451 in slicer-defi-
cient Ago proteins (Figures S3A and S3B). Based on these re-
sults, we concluded that PARN is the enzyme responsible for
trimming and maturation of Ago2-cleaved pre-miR-451.

Trimming of Ago2-Cleaved Pre-miRNA Is Dispensable
for Target Silencing In Vitro and in Cultured Cells

Given that miR-451 predominantly exists as 23-26 nt trimmed
forms rather than the 30 nt untrimmed form in vivo (Cheloufi
et al., 2010; Cifuentes et al., 2010; Yang et al., 2010), it seemed
plausible that trimming of pre-miR-451 is required for target
silencing. To test this idea, we first compared the target cleavage
efficiency in vitro with or without the trimming reaction. Ac-pre-
miR-451 was loaded into FLAG-Ago2 and incubated in lysate
for trimming or in buffer alone as a mock (Figure 4A). Contrary
to expectation, cleavage of a target RNA perfectly complemen-
tary to miR-451 was comparable with or without trimming (Fig-
ure 4B), suggesting that trimming does not affect the target
cleavage activity of Ago2-RISC. Next, we sought to address
the requirement of trimming by reporter assays in cultured cells.
Because knockdown of PARN severely inhibited cell growth and
reporter expression (data not shown), we introduced three
successive phosphorothioate linkages at positions 27-30 in
pre-miR-451 (pre-miR-451 3x phosphorothioate [PS]) to block
trimming in cells. We prepared Renilla luciferase reporters
harboring three different types of target sites for miR-451 (Fig-
ure 4C): a single perfectly complementary, cleavable target
site; two centrally mismatched, noncleavable target sites; and
the 3’ UTR sequence of CAB39, a previously identified endoge-
nous MRNA bearing a seed-matching target site (Godlewski
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Figure 2. Identification of PARN, Poly(A)-Specific Ribonuclease, as the Pre-miR-451-Trimming Enzyme

(A) Scheme of the chromatographic steps for purification of PARN.

(B) The profile of the final Mini Q purification. Each fraction was assayed for the trimming activity of ac-pre-miR-451 in vitro (top), and the proteins were separated
by SDS-PAGE (middle). Protein bands that showed close correlation with the trimming activity were analyzed by mass spectrometry (indicated by asterisk),
among which PARN was found. Bottom: anti-PARN western blotting.

(C) Anti-PARN western blotting analysis of PARN knockdown or overexpression.

(D) Effect of PARN on pre-miR-451 trimming in HeLa S3 cells. Upon depletion or overexpression of PARN, a plasmid that expresses a miR-144/miR-451 primary
transcript was transfected and miR-451 was detected by northern blotting. The signal intensities of the bands at 2 hr are quantified and plotted on the right of each
gel. PARN depletion impaired pre-miR-451 trimming, whereas PARN overexpression promoted it. See also Figure S2 for miR-144 and endogenous let-7 controls.
(E) Effect of PARN on pre-miR-451 trimming in vitro. Lysates from PARN-depleted or PARN-overexpressing cells were tested for trimming. The signal intensities
of the bands at 2 hr (in red rectangles) are quantified and plotted on the right of each gel.

et al.,, 2010). These reporters and a control firefly luciferase the lengths of miR-451 were examined by northern blotting.
reporter were cotransfected with pre-miR-451 or pre-miR-4513  Whereas three phosphorothioate linkages hindered miR-451
X PS, and the luminescence was monitored after 24 hr. At the maturation (Figure 4D), silencing efficiency of the reporter
same time, Ago2-bound small RNAs were immunopurified and  expression was unaltered by the phosphorothioate modification
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(A) Recombinant WT or catalytic mutant (E30A) PARN expressed and purified from E. coli.
(B) Recombinant PARN showed the same nucleotide specificity as in K562 lysate (Figures 1C-1E). The signal intensities of the bands at 10 min (in red rectangles)

are quantified and plotted on the right of each gel.

(C) Mutation of a catalytic residue (E30A) blocked the trimming activity. See also Figure S3.

for any of the three reporter constructs (Figure 4E). These data
together suggest that trimming of Ago2-cleaved pre-miR-451
is dispensable for target silencing in vitro and in cultured cells.

Trimming of Ago2-Cleaved Pre-miRNA Is Dispensable
for Target Silencing In Vivo

We next asked if trimming is required for miRNA-mediated
silencing in vivo using zebrafish embryos (Cifuentes et al.,
2010). As in cultured cells, morpholino-mediated knockdown
of PARN in zebrafish embryos caused severe defects in early
development and reporter expression (data not shown). There-
fore, we utilized phosphorothioate linkages to block trimming.
We assayed the activity of a previously described pre-miR-
430-derived hairpin RNA that mimics the secondary structure
of pre-miR-451 (pre-miR-430%¢°2 MalPin) (Eigre 5A; Cifuentes
et al., 2010). Like pre-miR-451, this chimeric pre-miRNA is
matured by Ago2-mediated cleavage and 3'-end trimming, but
the trimming is strongly inhibited by the inclusion of three phos-
phorothioate linkages at positions 27-30 (pre-miR-430/9°2 hairpin
3x PS; Figure 5B). When injected into embryos, pre-miR-
430”902 haiein 35 pg \as able to repress a GFP reporter bearing
three imperfect target sites for miR-430 (Figure 5C), with similar
efficiencies as the unmodified pre-miR-430%9°2 hairPin (Fiqre 5D).
This was also the case with a firefly luciferase reporter with three
imperfect target sites (Figures 5C and 5E). These results suggest

that trimming is not required for target silencing in zebrafish
embryos. To further test the requirement of trimming for miRNA
functionality, we utilized mutant zebrafish embryos deficient for
maternal and zygotic Dicer activity (MZdicer). MZdicer embryos,
in which miR-430-mediated clearance of several hundred
maternal transcripts is disrupted, show defects during gastrula-
tion and brain morphogenesis (Giraldez et al., 2005). These
defects can be rescued by miR-430 duplex or Dicer-indepen-
dent pre-miR-430%9°2 haI'Pin (Gifentes et al., 2010). Strikingly, in-
jecting the trimming-defective pre-miR-430/9°2 harPin 3 pg
rescued the brain morphogenesis defect in MZdicer, similarly
to miR-430 duplex or pre-miR-43049°2 haPin (Eiqres 5F and S4).

To gain quantitative insight in the broad consequences of trim-
ming on miRNA activity and target selection, we analyzed the
gene expression of the wild-type, MZdicer mutant and rescued
MZdicer embryos by high-throughput sequencing (Table S1).
miR-430 target mMRNAs were significantly stabilized in MZdicer
mutant compared to wild-type embryos at 6 hr postfertilization
(hpf) (8.38 median fold change between MZdicer and wild-
type; p = 1.0 x 1072"; Wilcoxon signed-rank test; Figure 6A).
This expression difference was largely rescued upon miR-430
duplex injection (2.40 median fold change in duplex-injected
compared to uninjected MZdicer; p = 9.6 x 10722; Figure 6A).
Despite similar capacity to rescue the developmental defects
in MZdicer by 30 hpf (Figures 5F and S4), pre-miR-430/9°2 hairpin
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Figure 4. Trimming Is Dispensable for Target Silencing In Vitro and in Cultured Cells

(A) FLAG-Ago2 loaded with ac-pre-miR-451 was incubated with PARN-overexpressing HelLa S3 lysate (+trimming) or buffer alone (—trimming) at 37°C for 3 hr.
Trimming was confirmed by northern blotting

(B) Target cleavage was comparable with or without trimming. The graph shows means and standard deviations (SDs) from three independent cleavage re-
actions.

(C) Schematic representation of the Renilla luciferase reporters used in Figure 4E for cultured cells.

(D) Inhibition of trimming by three phosphorothioate linkages in HeLa S3 cells. Pre-miR-451 or pre-miR-451 3x PS was transfected, and Ago2-bound RNA was
immunopurified and analyzed by northern blotting. IP, immunoprecipitation.

(E) Renilla luciferase reporter assay for 1x perfect target site, 2x centrally mismatched target sites, or CAB39 3’ UTR containing an endogenous
miR-451 target site by pre-miR-451 with or without 3x PS. Firefly luciferase served as a control. The Rluc/Fluc luminescence was normalized to the
value of mock transfection. The mean values + SDs from three independent experiments are shown. Trimming was dispensable for target silencing in cell
culture.

OAgo2 hairpin

and pre-miR-43 3% PS repressed miR-430 targets  of target genes downregulated >2-fold (Figure 6B). This differ-

less efficiently than miR-430 duplex at 6 hpf, assayed by
both the strength of the regulation (1.39 median fold change,
p = 1.4 x 103 1.27 median fold change, p = 2.3 x 102,
respectively, compared to MZdicer; Figure 6A) and the number

ence in silencing activity could presumably be attributed to
different processing kinetics between the miRNA duplex and
the hairpin RNAs to accumulate active miRNA species. Impor-
tantly, whereas the number of miR-430 targets downregulated
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Figure 5. Trimming Is Dispensable for Target Silencing In Vivo

(A) The sequences and structures of pre-miR-430, miR-430 duplex, and pre-miR-430/9°2 haiPin ysed in zebrafish experiments.

(B) Inhibition of trimming by three phosphorothioate linkages in zebrafish embryos. Pre-miR-430%9°2 haiin with or without 3x PS was injected, and RNAs were
analyzed by northern blotting.

(C) Schematic representation of the reporter mRNAs with 3x target sites used in (D) and (E).

(D and E) Reporter assays for the 3x imperfect target sites by pre-miR-4309°2 "aPin with or without 3x PS. (D) GFP reporter with DsRed control. (E) Firefly
luciferase reporter with Renilla luciferase control. The Fluc/Rluc luminescence was normalized to the value of mock injection. The mean values + SDs from three
independent experiments are shown. Trimming was dispensable for reporter silencing in zebrafish embryos.

(F) Trimming is not required to rescue the brain morphologic defects in MZdicer zebrafish embryos. MZdicer embryos were injected miR-430 duplex, pre-miR-
4304902 haipin | o hre_miR-430/9°2 "airPin 3% PS and analyzed at 30 hpf. See also Figure S4.

>2-fold by pre-miR-430"9°2 haiPin a5 glightly higher than pre-  tion. Taken together, we concluded that trimming of pre-miR-
miR-43079°2 haiPin 3% pg (27 versus 19; Figure 6B), the 430"9°2 haiPin ig dispensable for regulating miRNA targets and
difference in the global distribution of targets was only minimal  rescuing the physiological function of miR-430 in vivo.

(1.05 median fold change; p = 4.6 x 10~*%; Figure 6A), indicating

that the lack of trimming does not affect overall silencing of ca- DISCUSSION

nonical miR-430 targets. Next, we analyzed if the untrimmed 7

nt tail at the 3’ end of pre-miR-430"9°2 haPin 35 pS may influence Here, by using classical column chromatography, we
the fidelity of target mRNA selection by additional base pairing.  identified PARN, a Mg?*-dependent poly(A)-specific 3'-5’
Out of 10,841 genes analyzed, there were only 17 and 3 genes  exonuclease, as the enzyme responsible for 3'-end trimming
that were >2-fold overrepressed by pre-miR-43079°2 "IN ang  and maturation of Ago2-cleaved pre-miR-451 (Figure 7). Knock-
pre-miR-43079°2 hairPin 35 PG respectively, compared to the  down of PARN inhibited the trimming reaction, whereas its over-
levels observed in miR-430 duplex-injected embryos (Figure 6C).  expression enhanced miR-451 maturation (Figures 2C-2E). The
This result suggests that the additional nucleotides at the biochemical characteristics of PARN including its nucleotide
untrimmed 3’ end have a negligible effect on target mMRNA selec-  preference (Figure 3) were fully consistent with the properties

Cell Reports 5, 715-726, November 14, 2013 ©2013 The Authors 721

Open
ACCESS



Cell

PRESS

Open

ACCESS

A
Rescue of miRNA-mediated repression

miR-430 targets down-regulated >2 fold
compared to MZdicer

Figure 6. Trimming Does Not Affect Effi-
ciency and Fidelity of Endogenous Target
Silencing
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7 MZdicer ~ MZdicer endogenous target genes independently of trim-
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c © | MZdicer 3xPS injected MZdicer embryos for 122 validated miR-
2= =] +Ago2 hp 41 0 0 430 targets are shown. The cumulative distribution
§ < 26 10 0 0 of nontarget genes in wild-type/MZdicer is plotted

L o MZdicer as a reference (gray line). See also Table S1.
+ Ago2 hp 0 17 1 (B) Venn diagram showing the number of miR-430
g - 3xPS 0 1 targets that are repressed in wild-type embryos or
0 in MZdicer embryos injected with miR-430 duplex,
o - pre-miR-43019°2 haiPin_ o pre-miR-430A9°2 hairpin 3
_'3 _'2 _'1 (') 1' 2' é X PS compared to uninjected MZdicer embryos.
(C) Trimming has a negligible effect on target
selection. Genes that are expressed >5 rpkm and
log, WT / MZdicer + miR-430 dup,ieo)z(hair i overrepressed >2-fold by pre-miR-430"9°2 "arein
MZdicer + pre-m!R-430A9 o : or pre-miR-430/992 haiin 3% Pg compared to

MZdicer + pre-miR-430%¢"" 3xPS miR-430 duplex are shown in red.
C

Effect of the 3'-end tail on target selection loaded into Ago1, the miRNA* strands
o . T . are ejected, and then Nibbler shapes
g7 : 24 & : 4 the 3’ ends of the Ago1-bound miRNA
Yo | /’\\q‘” 2o ] | g & strands by trimming a few nucleotides
27 ; /Ef’q} 3" | /,’b(,(b (Han et al., 2011). On the other hand, in
qi) o - ! o‘:?/E\O\ < o ! /,’3@ the mirtron pathway, the RNA exosome
g i 6% % iy 7 including Rrp6, another 3'-5 exonu-
g o AET— 2 o~ ,’1'3 fi-tarqet clease, is required for the removal of
= | ofi-targets N 4 ofi-targets the 3’ tail of the pre-miRNA-like hairpin
-§_ o 07 : s P4 i : after splicing and debranching (Flynt
S 7 ! s o 2 ! et al., 2010). In mammals, yet another
= e | i | | ! >5I rpkmI | $ T, . | | ! >6? rpkm| 1 3-5' exonuclease DIS3L2 acts to
10 -5 0 5 10 15 - 10 -5 0 5 10 15 degrade pre-fet-7 when its 3’ end is oli-

log, rpkm MZdicer + duplex

of the pre-miR-451 maturation process observed in vitro (Fig-
ure 1) in cultured cells (Yang et al., 2010) in zebrafish (Cifuentes
etal., 2010) and in mice (Cheloufi et al., 2010). Our findings define
the maturation step in the Ago2-dependent miRNA biogenesis
pathway conserved in vertebrates (Figure 7).

Surprisingly, our in vitro and in vivo results (Figures 4, 5, and 6)
together show that 3’ trimming of Ago2-cleaved pre-miRNAs
is not essential for target silencing (Figure 7). Although our
data do not exclude the possibility that trimming plays a role
in modulating the activity of miR-451 (e.g., long-term turnover
of RISC), pre-miR-430"9°2 harPin \yas able to rescue the
morphologic defects and restore the genome-wide regulation
of target mRNAs in MZdicer zebrafish embryos regardless of
the 3’ trimming, achieving physiological function in vivo (Figures
5F and 6).

Recent reports have shown that a 3'-5’ exonuclease, Nibbler,
trims the 3’ ends of miRNAs in Drosophila (Han et al., 2011; Liu
et al., 2011). For a subset of fly miRNAs, Dicer-1 processing
generates miRNA/miRNA* duplexes that are slightly longer
than the mature lengths. These intermediate duplexes are

log, rpkm MZdicer + duplex
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gouridylated via LIN-28 binding (Chang
et al.,, 2013). In fission yeast, Triman, a
CAF1 family ribonuclease homologous
to PARN, mediates trimming and matu-
ration of primal RNAs (priRNAs) and small interfering RNAs (siR-
NAs) (Marasovic et al., 2013). Future studies will be needed to
understand why so many different exonucleases act at different
steps in the diverse miRNA biogenesis pathways.

EXPERIMENTAL PROCEDURES

General Methods

Preparation of lysis buffer (30 mM HEPES-KOH [pH 7.4], 100 mM KOAc, 2 mM
Mg(OAc),), 2x urea loading buffer and 2x Proteinase K (PK) buffer, and RNA
radiolabeling with T4 polynucleotide kinase has been previously described in
detail (Haley and Zamore, 2004). Fish lines were maintained in accordance
with Association for Assessment and Accreditation of Laboratory Animal
Care research guidelines under protocol 2010-11109 approved by Yale
University Institutional Animal Care and Use Committee.

Cell Culture

K562 cells were cultured in RPMI 1640 medium, and HelLa S3 cells and human
embryonic kidney 293T cells (HEK293T cells) were cultured in Dulbecco’s
modified Eagle’s medium, supplemented with 10% fetal bovine serum,
100 U/ml penicillin, and 100 pg/ml streptomycin at 37°C in 5% CO,.
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Figure 7. A Model for Biogenesis and Function of Ago2-Cleaved Pre-
miRNAs

Cell Lysate Preparation

Cells were washed in PBS (pH 7.4) and collected by centrifugation. The cell
pellets were resuspended in two-pellet volume of lysis buffer containing
5 mM dithiothreitol (DTT) and 1x Complete EDTA-free protease inhibitor tab-
lets (Roche) and homogenized by douncing. For preparation of K562 cell lysate
for column chromatography, we used low-salt lysis buffer (30 mM HEPES-
KOH [pH 7.4], 20 mM KCI, 2 mM Mg(OAc),) containing 5 mM DTT and 1x
Complete EDTA-free protease inhibitor tablets. Lysate was clarified by centri-
fugation at 17,000 x g for 20 min at 4°C. The supernatant was flash frozen in
liquid nitrogen and stored at —80°C.

In Vitro Trimming Assay

Synthetic RNA oligonucleotides were purchased from Gene Design and Inte-
grated DNA Technologies (IDT). Pre-miR-451 and the series of its derivatives
were denatured for 2 min at 95°C and annealed for ~1 hr at room temperature.
Typically for one reaction, 10 ul of lysate from HEK293T cells expressing
FLAG-tagged Ago2 was incubated with 5 ul of Dynabeads protein G paramag-
netic beads (Life Technologies) and 0.5 pl of anti-FLAG M2 antibody (Sigma)
for 1 hr at 4°C. Beads were then incubated with 10 nM 5’ *2P-radiolabeled
pre-miRNAs in lysis buffer for 15 min at 25°C and then washed three times
with wash buffer (2 M NaCl, 10% glycerol, and 0.1% Triton in lysis buffer)
and rinsed three times with lysis buffer. Immunopurified Ago2 complexes con-
taining radiolabeled pre-miRNAs were incubated with 40 pl of lysate or 30 pl of
~800 nM recombinant PARN. RNAs were extracted from the precipitate by

Proteinase K treatment in 2x PK buffer, concentrated by ethanol precipitation,
and separated by electrophoresis on 15% denaturing PAGE. The radioactive
bands were detected by FLA-7000 image analyzer (Fuijifilm Life Sciences)
and quantified by ImageGauge software (Fuijifilm Life Sciences).

Purification of PARN by Column Chromatography

All purification steps were performed at 4°C. Forty milliliters lysate from 6.5
liters culture of K562 cells was precipitated with 40% ammonium sulfate.
After centrifugation at 8,000 x g for 30 min, the precipitate was resuspended
in 20 ml of buffer A (30 mM HEPES-KOH [pH 6.5], 20 mM KCI, 2 mM
Mg(OAc),, 5% glycerol, 0.1% NP-40, 5 mM DTT) with 8% (NH,)>SO,4, and
the precipitate was removed by centrifugation at 8,000 x g for 30 min. After
filtration, the supernatant was loaded onto a 20 ml HiPrep Buthyl column
and was eluted by an 8%-0% linear gradient of (NH4)»SO,4 in buffer A.
The fractions were assayed for in vitro pre-miR-451 trimming, and the
peak activity was detected at ~5% (NH,)>SO,. The active fractions were
pooled and dialyzed with buffer A and loaded onto a 5 ml HiTrap DEAE
column and eluted with a liner gradient of 20-450 mM KCI in buffer B
(30 mM HEPES-KOH [pH 6.5], 2 mM Mg(OAc),, 5% glycerol, 0.1% NP-40,
5 mM DTT). The fractions of the peak activity were diluted with dilution buffer
(30 mM HEPES-KOH [pH 6.5], 2 mM Mg(OAc),, 5% glycerol, 0.1% NP-40,
5 mM DTT) to adjust the KCI concentration to 20 mM. Subsequently, the
active sample was applied to a 1 ml HiTrap CM column and eluted with a
liner gradient of 10-350 mM KClI in buffer B. Further purification was similarly
performed by using HiTrap ANX column (20-1,000 mM KClI), HiTrap Heparin
column (20-1,000 mM KCI), Mono S column (20-300 mM KClI), and Mini Q
column (20-300 mM KCI). The active fractions of the last Mini Q purification
were precipitated by trichloroacetic acid, and the proteins were separated
by SDS-PAGE. All columns were purchased from GE Healthcare Life
Sciences.

Mass Spectrometry Analysis

Proteins separated by SDS-PAGE were stained with GelCode Blue Safe
(Pierce), and the bands of interest were cut out from the gel, followed by in-
gel digestion with trypsin. The peptide mixtures were analyzed by an ion
trap mass spectrometer (LTQ Orbitrap XL, Thermo Fisher Scientific) equipped
with a nanospray ion source and a splitless nano high-performance liquid
chromatography system (DiNa, KYA Technologies) with octadecylsilane
capillary column (100 x 0.1 mm; 3 um particle size; KYA Technologies).
The tryptic digests were separated in 2% acetonitrile and 0.1% formic acid
in water, using linear gradient from 0% to 80% of a solvent consisting of
70% acetonitrile and 0.1% formic acid for 30 min at a flow rate of 300 nl/min.
Proteins were identified from the protein database of Homo sapiens by em-
ploying MASCOT (Matrix Science) as a search engine for peptide mass
fingerprinting.

Plasmid Construction

To construct pPCAGEN-FLAG-Ago1-Ago4, full-length Ago7-Ago4 sequences
were amplified from pIRES-neo-FLAG-HA-Ago1-Ago4 (Meister et al., 2004)
by PCR using the following sets of the 5’ primer containing an EcoRl site
and a FLAG-tag sequence and the 3’ primer containing a Notl site and inserted
into the EcoRI-Notl sites of the pCAGEN vector: 5-GAGTGAATTCATGGAC
TACAAGGACGACGATGACAAGATGGAAGCGGGACCCTCGGG-3' and 5'-
CACTGCGGCCGCTCAAGCGAAGTACATGGTGC-3" for Agol, 5'-GAGTGA
ATTCATGGACTACAAGGACGACGATGACAAGATGTACTCGGGAGCCGGC
CC-3' and 5'-CACTGCGGCCGCTCAAGCAAAGTACATGGTGC-3' for Ago2,
5'-GAGTGAATTCATGGACTACAAGGACGACGATGACAAGATGGAAATCGG
CTCCGCAGG-3' and 5-CACTGCGGCCGCTTAAGCGAAGTACATTGTGC-3’
for Ago3, and 5'-GAGTGAATTCATGGACTACAAGGACGACGATGACAAGAT
GGAGGCGCTGGGACCCGGA-3" and 5-CACTGCGGCCGCTCAGGCAAAA
TACATCGTGTG-3' for Ago4.

Expression of FLAG-Tagged Ago1-Ago4 Proteins in HEK293T Cells

HEK293T cells were transfected with pCAGEN-FLAG-Ago1-Ago4 plasmid
constructs using X-treme GENE9 Transfection Reagent (Roche). On the day
before transfection, exponentially growing cells were plated into 15 cm dishes
at a density of 2 x 10° cells in antibiotic-free medium. On the following day, the
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cells were transfected with 8 nug per dish of plasmid DNAs and harvested after
36 hr.

Knockdown and Overexpression of PARN in HeLa S3 Cells

For PARN knockdown, HelLa S3 cells were plated into 10 cm dishes at a den-
sity of 1.6 x 10° cells in antibiotic-free medium and immediately transfected
with 50 nM siRNA mixture composed of siRNA duplex 1 (5'-GGAGAAAACAG
GAAGAGAAdTAT-3' and 5- UUCUCUUCCUGUUUUCUCCITdT-3) and
siRNA duplex 2 (5'- UCAUCUCCAUGGCCAAUUAdTAT-3" and 5'- UAAUU
GGCCAUGGAGAUGAdTAT-3') using Lipofectamine 2000 (Life Technologies).
The cells were harvested after 72 hr. For PARN overexpression, exponentially
growing cells were first plated into 10 cm dishes at a density of 1 x 10° cells in
antibiotic-free medium. On the following day, the cells were transfected with
12 g per dish of pDESR12.2 plasmid harboring the PARN coding region by
using Lipofectamine 2000 (Life Technologies) and harvested after 48 hr.

Preparation of Recombinant PARN

A DNA fragment containing the coding DNA sequence (CDS) of PARN, an Ndel
site at the 5 end (5'-GTAGAGTCATATGATGGAGATAATCAGGAGCAATTT
TAA-3') and a Xhol site at the 3’ end (5'-ACTCTACCTCGAGTTACCATGTGT
CAGGAACTTCAAAGAG-3') was amplified by PCR from pDESR12.2-PARN
and was inserted into the Ndel-Xhol sites of pCold | vector (TaKaRa). His-
tagged PARN protein was expressed in the E. coli strain Rosetta 2 (DE3)
(Merck). After growth to optical density 600 of ~0.5 at 37°C, cells were induced
with 1 mM isopropyl B-p-1-thiogalactopyranoside and grown overnight at
15°C. After cell lysis, His-tagged PARN was purified using His-trap high-per-
formance column (GE Healthcare). The catalytic mutation (E30A) was intro-
duced by PCR using 5-TCGCCATCGATGGGGCGTTTTCAGGAATCAG-3'
and 5'-CTGATTCCTGAAAACGCCCCATCGATGGCGA-3'.

In Vitro Target Cleavage Assay

To create the miR-451 target, DNA fragments containing the complementary
target site were amplified from pGL3-Basic (Promega) by PCR using
the primers (5'-GCGTAATACGACTCACTATAGTCACATCTCATCTACCTCC-
3 and 5-CCCATTTAGGTGACACTATAGATTTACATCGCGTTGAGTGTAGA
ACGGTTGTATAAAAGGAAACCGTTACCATTACTGAGTTTAAGAGAGGAGTT
CATG-3').

The target was transcribed from the corresponding DNA fragment using T7-
Scribe Standard RNA IVT Kit (Cell Script). The transcripts were cap-radiola-
beled with [¢->2P] guanosine triphosphate using ScriptCap m’G Capping
System (Cell Script) and gel-purified to ensure the integrity. For target cleav-
age, 10 nM ac-pre-miR-451 was loaded into FLAG-Ago2 on beads and incu-
bated in lysate from HelLa S3 cells overexpressing PARN for trimming or buffer
alone for 3 hr at 37°C before 0.5 nM cap-radiolabeled target was added and
further incubated at 37°C.

miRNA Reporter Assay

The miR-451 reporter plasmids bearing 1x perfect or 2x centrally mis-
matched target sites or the 3' UTR sequence of CAB39 were constructed by
inserting the corresponding DNA fragments into the Xhol-Notl sites of psi-
CHECK-2 (Promega). Twenty nanomolars of pre-miR-451 with or without 3x
PS and 33 pg/ml of each reporter plasmid were cotransfected into HeLa S3
cells using Lipofectamine 2000 (Life Technologies), and the reporter assay
was performed 24 hr after transfection using the Dual-Luciferase Reporter
Assay System (Promega). The miR-430 reporter plasmids were assembled
by ligation of a DNA fragment containing three imperfect target sites (5’-AC
TACCTGCACTGTGAGCACTTT-3') for miR-430b into the Xhol-Xbal sites of
pCS2+/GFP or pCS2+/luciferase. Reporter constructs were linearized with
Notl and in vitro transcribed with mMessage Machine SP6 (Ambion). For lucif-
erase assay in vivo (Figure 5E), embryos were injected with 1 nl of Fluc reporter
mRNA and Rluc control mRNA at 0.2 ng/ul each, 1 nl of 0.1 ug/ul mouse Ago2
mRNA, 1 nl of 0.2 ng/pl a-amanitin, and 1 nl of titrating concentrations of pre-
miR-43049°2 hairPin ith or without 3x PS (Figure 5E). Groups of eight embryos
were collected per triplicate and flash frozen in liquid nitrogen 6 hr after injec-
tion. Reporter expression was quantified with the Dual-Luciferase Reporter
Assay System (Promega) in a Veritas microplate luminometer (Turner
BioSystems). The embryos for the GFP reporter assay (Figure 5D) were in-

jected with 1 nl of GFP reporter mRNA and DsRed control mRNA at
0.1 ng/uleach, 1 nlof 0.1 ug/nl mouse Ago2 mRNA, 1 nl of 0.2 pug/pl a-amanitin,
and 1 nl of the indicated pre-miR-430 hairpin or duplex at 25 WM. Embryos
were imaged for GFP and DsRed expression at 7 hr after injection using a Zeiss
Discovery microscope and photographed with a Zeiss Axiocam digital cam-
era. Images were processed with Zeiss AxioVision 3.0.6.

Western Blot Analysis

Anti-FLAG (1:5,000; Sigma), anti-PARN (1:4,000; Bethyl Laboratories) and
anti-Tubulin (1:3,000; Sigma) primary antibodies were used for detection.
Chemiluminescence was induced by Luminata Forte Western HRP Substrate
(Millipore), and images were acquired by a LAS-3000 imaging system and
quantified using ImageGauge software (Fuijifilm Life Sciences).

Northern Blot Analysis

For Figure 2D, Hela S3 cells were plated into a 6-well plate at a density of 1 x
10° cells in antibiotic-free medium. On the following day, the cells were trans-
fected with 1 ng of pcDNAB.2 plasmid harboring the miR-144/miR-451 cluster
sequence and 1 pg of pPDESR12.2 plasmid harboring the PARN coding region
or 50 nM siRNA duplex against PARN using Lipofectamine 2000 (Life Technol-
ogies) and harvested after 48 hr. Small RNAs were isolated using mirVana
(Ambion). For Figure 4D, endogenous Ago2 was immunoprecipitated by
anti-human Ago2 antibody (Wako Pure Chemicals Industries), and the bound
RNAs were extracted from the precipitate by Proteinase K treatment in 2x PK
buffer. RNA was separated by 15% denaturing PAGE and transferred to
Hybond-N* membrane (GE Healthcare) using a semidry Trans-Blot SD (Bio-
Rad) at 10 V (0.15 mA) for 35 min. The membrane was UV crosslinked and
hybridized with 5’ *2P-radiolabeled RNA probes for overnight at 65°C. Small
RNAs from zebrafish embryos were isolated by TRIzol (Life Technologies) at
7 hr postinjection. After separation by 15% denaturing PAGE, small RNAs
were transferred to a Zeta-Probe Blotting membrane (Bio-Rad) using a semi-
dry Trans-Blot SD (Bio-Rad) at 20 V (0.68 A) for 35 min. The membrane was
blotted with 5’ %2P-radiolabeled StarFire probe from IDT overnight at 30°C.
The RNA probe sequences are 5'-AAACUCAGUAAUGGUAACGGUUU-3' for
miR-451, 5-AGUACAUCAUCUAUACUGUA-3' for miR-144, and 5-UAUA
CAACCUACUACCUCUCU-3 for let-7. The sequences of the StarFire DNA
oligonucleotides are 5-ATACCCCAACTTGATAGCACTTT-3' for miR-430
and 5'-AACTCAGTAATGGTAACGGTTT-3’ for miR-451.

MZdicer Rescue and Brain Ventricle Labeling

MZdicer mutant embryos (dicer™8%® allele) were injected at one-cell stage with
1,000 pl of 25 uM stock solution of the indicated hairpin or duplex miRNA. At 30
hpf, embryos were injected in the brain ventricle with Texas Red dextran
70,000 molecular weight (1:20 dilution of a 500 ng/pl stock; Molecular Probes)
and imaged as described previously (Giraldez et al., 2005). Different focal
planes were merged into a single image using Adobe Photoshop CS2
software.

RNA-Seq Sample Preparation and Sequencing Analysis

MZdlicer embryos were injected with 1 nl of a 25 pM stock solution of miR-430
duplex, pre-miR-430"992 haiPin or pre-miR-43049°2 haiein 3% pg at one-cell
stage. Fifteen embryos per sample were collected at shield stage (~6 hpf)
together with wild-type and MZdicer uninjected embryos. Total RNA was
extracted using the TRIzol method and submitted for library cloning and
sequencing at the Yale Center for Genome Analysis. RNA sequencing (RNA-
seq) libraries were prepared using standard lllumina protocol and sequenced
in multiplex in the HiSeq 2000 sequencing system. Raw reads were processed
with TopHat 2.0.8 and mapped to the Zv9 Danio rerio genomic sequence and
ENSEMBL 70 splicing junctions. Expression depth as reads per kilobase of
gene model per million CDS-aligning reads (rpkm) was calculated for each
gene using the uniqgue mapping reads, allowing up to one mismatch. Known
miR-430 targets were identified in Giraldez et al. (2005) and represent 122
experimentally validated miR-430 targets by microarray. The background
set of 881 nontarget genes is defined as in Bazzini et al. (2012). Briefly, it
consists only of genes with 3" UTRs >300 nt and mismatches of >6 nt to
the miR-430 seed in either the CDS or the 3’ UTR. To analyze the off-targeting
of pre-miR-430"9°2 haiPin and pre-miR-430A9°2 "aPin 3 P3| we quantified the
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repression of a set of 10,841 genes, defined as the genes with more than 5
rpkm at 2 hpf in wild-type, a sample described in Bazzini et al. (2012).

ACCESSION NUMBERS

The Gene Expression Omnibus accession number for the RNA-seq data re-
ported in this paper is GSE51036.
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